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This book contains basic data on the construction of contem-
porary solid-propellant rocket-powered missiles, as well as informa-
tion on their most important component parts and units. The book
also outlines the methods employed to select optimum missile param-
eters as well as the parameters required for the design and planning
stages of missile warhead and rocket sections; in addition, methods
are presented for the determination of the laws governing the com-
bustion of solld propellants and the discharge of the gases pro-
duced on the combustion of the solid propellants; further, methods
are presented on the calculation of maximum pressure of solid-
propellant combustion gases, and methods for the calculation of spe=-
cific 1mpulse and reaction thrust. A complete system of equations
of missile motlion 1s presented, as well as a method for the cal-
culation of missile trajectory; the various possibilities of sta-
bilizing a missile 1n flight are also examined. The test-stand
Investigations of a solid-propellant engine and missile firing
tests are described.

The book 1s intended as a text for secondary educational in-
stitutions; at the same time, it may be useful for students of
higher educational institutions as well as for engineers who are

specializing in the fleld of rocket-system design.
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FOREWORD

Reactlon-thrust systems employling power plants operating on
solid propellants are in wlde use in various areas of rocket en-
gineering.

Solid-propellant englnes are comparatively simple in design,
they are moblle, convenient in operation, and yet sufficiently reli-
able and effectlve. In the oplnion of foreign speciallsts, achleve-
ments in the chemistry of solid propellants and the solution of
problems in the design of large-scale englnes make it possible to
regard this class of power plants as extremely promising. It is for
this reason that in recent years particular attention has been de-
voted abroad to problems of designing rockets using solid-propellant
englnes.

The present book contains basic information required for the
deslgn of the simplest reactlon-thrust systems involving the use
of solid-propellant engines — fleld-artillery rocket shells employ-
ing a powder charge. Individual design problems are discussed within
the scope of the program of the course taught in secondary educa-
tional institutlons.

The book consists of seven chapters. Chapter 1 presents a brief
examination of the basic stages in the historical development of
rocket artillery and the characteristics of certain contemporary
rocket missile specimens using solid-propellant engines are pre-
sented. Chapter 2 is a direct introduction to problems encountered

-2 -
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in the design of solld-propellant rocket missiles, Thls chapter
undertakes a conslderation and analysis of the tactical-engineer-
ing problem of deslgning new missiles, and dlagrams are examined

in detall with respect to the design of the most important struc-
tural elements of a missile; in addition, a method 1is presented for
the tentative selectlon of the basic parameters of the missile being
designed. Chapters 3 and 5 are devoted to problems of working out
the design of the mlssile warhead and its power plant. The funda-
mentals of the theory of interior balllstics for solid-propellant
rocket englnes and the elements of exterior rocket-missile ballils-
tics are covered in Chapters 4 and 6. Finally, Chapter 7 contains
the basic data on the testlng of experimental missiles and their
engines.

Chapters 4 and 6 cover a somewhat greater scope than the school
course in order to make the material contained in these chapters
more interesting and useful for a wider circle of readers. All of
the data and specific figures in the book have been taken primarily
from foreign literature.

Chapters 1 and 7 of the book were written by V.D. Kurov,
Chapter 4 was written by Yu.M. Dolzhanskly, and Chapters 2, 3, 5,
and 6 were written Jointly by Dolzhanskiy and Kurov.

The authors wish to express their gratitude to Professor V.I.
Feodos'yev, who undertook the task of examining the initial manu-
script, and the authors also wish to express thelr sincere gratil-
tude to all of the individuals who assisted them in selecting the
contents and format of thils book; the authors wish especlally to
acknowledge the assistance and valuable advice given by Candidate
of Technical Sciences M.F. Dyunze who reviewed the manuscript.

The authors will be glad to consider any complaints and criti-
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cal comments with regard to the book and request that all inquirles
be addressed to the publishers: Moscow, I-51, Petrovka 24, Oboron-

glz,



Chapter 1

BRIEF HISTORY OF THE DEVELOPMENT OF ROCKET WEAPONS
USING SOLID-PROPELLANT ENGINES

There are references in the chronicles of ancient India, China,
and other eastern countries to "firebolts" (incendiary arrows) —
the forerunners of powder-propelled rockets. Structurally, these
were made 1n the form of a conventional arrow that terminated in
a bamboo tube which was filled with black powder (Fig. 1.1). As the
black powder was 1ignited, the arrow flew forward under the action
of a reactive force which was produced by the gases flowing out of

the tube.

e e

Fig. 1.1. "Pirebolt."

These "incendiary arrows" were developed on a large scale in
India. The Indlans used these arrows both for hunting as well as
for such milltary purposes as the repulsion of their enemies. During
the colonization of India, the British ran up against the "rocket
arrows" for the first time. The British military engineer, William
Congreve, undertook the study of these rockets. By that time, the
Indian rocket was belng made of iron, and 1t was fitted with a
pointed tip, thus giving 1t the appearance of sharp spears. A reed
tube was fastened to the body of the arrow in order to provide

for stability in flight. The British were able to increase the
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dimenslions of the rocket caslng and attached a wooden stick in the
place of the reed at the end, and in front they installed a cap
with an incendiary charge. These rocket-arrows were now so heavy
that 1t became necessary to builld special launching racks to fire
them,

The appearance of rockets 1in England compelled other European
nations to undertake their use. In 1867, on the day that war was
declared between Denmark and England, British naval vessels attacked
the city of Copenhagen and fired some 40,000 rockets at the city.

As a result, the entire city was engulfed in flames, and Denmark

was forced to capitulate. After this one-day war, the Dane, Shumakher
[sic], designed his own rocket on the basis of the one used by the
British, and this Danish rocket was essentially the same as the

one used by the Britlsh, with the exception that 1t had a removable
warhead that was fastened to the combustion chamber by means of
tape which burned up during the flight, and in addition, the powder
cavity of this rocket was somewhat larger.

The Austrian, Avgustin [sic], having studied the British and
Danish rockets, constructed a rocket misslle or the basis of these
forerunners, which was structurally a riveted iron casing filled
wlth a powder charge throughout its entire length. The forward part
of the casing was filled elther with an incendiary charge or a shot
grenade. The flight of thls missile was stabilized by means of a
stick attached to the side of the casing.

A description of the first Russian rocket appears in the "Re-
gulations" of Onisim Mikhalyov, written by him in 1607-1621. Struc-
turally, these rockets were made in the form of a shell (along the
lines of an artillery shell), and they were filled with a special

powder charge shaped so as to have a channel ("a rocket void") on

- 6 -



the inside. At that time, there was no theoretical Justification
for the need of thils channel. The channel was made, because 1t had
been established in practice that 1t served to lncrease reaction
thrust.

During the reign of Peter I
rockets came into ever-increasing

use., During this period, the numer-

ous holldays on the occaslon of

Russian military victories were

generally celebrated by tremendous
&b

Flg. 1.2. Rocket missile de-
signed by A.D. Zasyad'ko.

a) Incendiary rocket; b) demo-
lition rocket.

exhibitions of fireworks which em-
ployed the principle of rockets.

At the same time, rockets came into
wldespread use in the army. An ex-
tremely successful rocket was designed in 1707, and this signal
rocket remained in the arsenal of weapons for almost 150 years.

The first Russlan military rockets were designed by Aleksandr

Dmitriyevich Zasyad'ko (1779-1838). He designed demolition and in-
cendiary rockets of three calibers: 2, 2.5, and 4 inches. Struc-
turally, Zasyad'kc's rockets were made with cylindrical 1iron casings
fllled with powder, and a conical channel was drilled into the
charge, said channel extending 3/4 of the length into the charge.
A perforated cap filled with an incendiary mass [paste] was mounted
at the front end of the rocket casing. Flames shot out of the open-
ings of the perforated cap (in the zone of rocket impact), igniting
all obJjects in the viclinity. A wooden stick was mounted at the rear
end of the rocket 1In order to achieve flight stabililty.

Thus was built the first Russlan incendiary rocket. The con-
struction of a demolition rocket is 1n no way different from that

-7 -



of an 1incendiary rocket; the only exception here is the fact that
Instead of a cap with an incendlary paste, a round shell con-
taining explosives (Flg. 1.2) 1s attached to the casing.

A.D. Zasyad'ko designed a launching installation for the fir-
ing of his rockets; this installation consisted of tubes mounted
on a tripod so that 1t could rotate freely in both the horizontal
and vertlcal planes. Such a launching device was easily portable
and could be set up 1n any small area, thus attaining greater
maneuverability.

Because of its small weight and simplicity of design, a great
number of these launching installations could quickly be concen-
trated in a given sector, thus making 1t possible to mount massive
fire power against an enemy. Later on, Zasyad'ko designed launching
installatlons which made it possible to fire simultaneous salvos
of 81x rockets., These installations were also unique in the simplicity
of thelr design and limited weight.

During the period being described, the successful waging of
military campalgns depended in great measure on the ability to
defend and take fortresses. Speclial means were developed for the
capture and defense of fortresses. The Russian general A.A. Shil'der
developed a new system of fortress defense involving the use of
rocket missiles, He also developed an underwater craft to operate
in minor bodles of water; this craft was armed primarily with
rocket missiles which could be launched electrically both beneath
the surface as well as from the surface. This application of rocket
missiles was yet another important achlevement in the area of Rus-
silan rocket engineering.

The emlnent Russlan designer-rocketeer Konstantin Ivanovich
Konstantinov (1819-1871) began his activities in this same period

-8 -



of widespread development of Russian rocket engineering. One of
Konstantinov's first inventions was the electroballistic installa-
tion for the measurement of missile velocity during flight (on its
trajectory).

In 1847-1850, K.I. Konstantinov, using his electroballistic
installation as the basis, designed a remarkable device — a rocket
electroballistic pendulum. This device makes it possible to con-
struct the curve of change 1n missile reaction force during missile
flight. The existence of this device made 1t possible to undertake
a solution of the problems assoclated with range and accuracy of
missile flight over a given trajectory on a sclentific basis,

Both of the devices produced by K.I. Konstantinov made it
possible to lay the foundations of the theory of interior and ex-
terior ballistiecs for rocket missiles. On the basis of his research,
Konstantinov sought to design new rockets which could achieve the
firing accuracy of artlllery weapons.

Prior to thls, rockets of 1identical caliber and designation,
and even rockets produced in a single production batch, exhibited
substantial production deviations, thus sharply reducing the accu-
racy of thelr firing. After a number of ilnvestigations, K.I. Kon-
stantinov established that it was impossible to obtailn stable
rocket characterlstics under the existing methods of production.
It 1s for this reason that he Implemented a series of measures in-
tended to obtaln technological uniformity for the production of
rockets. New machines and mechanisms were installed in the rocket
institution for the production of casings, the drilling of chan-
nels into the powder, the preparation of uniform rocket mixtures,
etc.

In addltion to improving production, Konstantinov did much in

-9 -



the fileld of improving the design of the rocket systems themselves.
For example, he proposed a dry method of filling the rocket casings

with powder in order to increase the accuracy of firing with rocket
missiles and to increase the length of time for which these mis-
slles could be stored; in addition, he selected the optimum shape,
welght, and dimensions of rocket missiles in order to attain the
greatest flight range. He also improved the design of the launching
installations — they became more stable, and the rockets could be
housed in these installations with smaller clearances, thus making
it possible to obtaln more stable missile characteristics on
departure from the guide rails, and consequently, 1t was possible

to obtaln greater firing accuracy in flight.

Fig. 1.3. Rocket missile from the 1860's.

All of the above-enumerated measures made it possible to pro-
duce domestic rocket missiles exhlblting the best characteristics
both wlth respect to firing accuracy, as well as with respect to
range in comparison wlth rocket missiles produced by other govern-
ments (Great Britain, France, Austria, etc.).

Three basic rocket-missile calibers were selected in Russla:
2, 2.5, and 4 inches (102, 64, and 51 mm [sic]).

In terms of designatlion, the rockets were subdivided into
fleld rockets armed with explosive shells and shot, and fortress
rockets which, 1n addition to the demolitlon charges, were also
armed with lncendlary and 1llumination charges.

t Rockets attalned a range of 4000-4500 m, with a lateral devia-
tion of 30 m. An example of thls type of mlssile design 1s presented
- 10 -
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Fig. 1.4. For the selection of Fig. 1.5. Rocket missile de-
the optimum thickness e >f the signed 1in accordance with
"blind" propellant graln (e is Konstantinov's system, 1862,

the optimum thickness).
1) "Blind" grain.

in Fig. 1.3.

By the middle of the 19th century, the European armies were
already using rifled bores, whereas in Russla smooth-bore weapons
were still in use. Thls backwardness 1n the armament of the Russilan
army had to be overcome. In thls connection, military specilalists
in the Russlan press started expoundling the idea that rocket systems
were obsolete and that it would be necessary to replace these with
systems 1nvolving rifled artlllery; the positive aspects of rocket
weaponry were dellberately covered up, and only the shortcomings of
rockets were stressed. However, Konstantinov and his followers
wrote articles against this underestimation of rocket weapons and
continued to work on the theory and design of rocket missiles.

In particular, Konstantinov established that the entire powder
(propellant) charge does not participate in the development of
reaction force, but only that portion in which there is an inter-
nal channel, and a portion of the blind (without channel) charge,
the length of which must be equal to the thickness of the propellant
spacer (Fig. 1.4). Later on, he established that 1f the length of
the blind charge 1s greater than the thickness of the propellant
spacer, the center of missile gravity shifts more significantly
during the combustion of the powder, causing the trajJectory of mis-
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sile flight to change during the active phase, and as a result we
have great scattering of the rockets.

A reduction in the length of the blind charge to the thickness
of the propellant spacer immediately eliminated thils shortcoming
from the rockets, and this, of course, had an immediate positive ef-
fect on the accuracy of firing. In addition, thils step served to
eliminate yet another shortcoming that was inherent not only in
rockets, but 1n the artillery missiles of the time; this shortcoming
1s related to the spherical shape of the missile head. Konstantinov
not only proposed to replace the spherical heads wilth heads that
were somewhat elongated, but he lengthened the guide rails of the
launching installation as well. The gulde rails were somewhat too
short and as a result the missiles left the gulde rails at a time
when the charge had not yet entered the stage of complete combus-
tlon, i.e., under the action of incomplete reaction force. As a
restvit, the 1nitial segment of the trajectory was observed to sag,
the missile would deviate from its assigned heading, etc., and this
sharply reduced the firing characterlstics of the rockets. Konstan-
tinov also proposed a new design for the empennage of the rocket,
reducing 1ts length by one half.

All of these innovatlons sharply increased range and the firing
characteristics of the rocket missiles. An example of a rocket-
missile designed by Konstantinov in 1862 is presented in Fig. 1.5.

Despite the number of achievements, 1n 1887 rocket weapons in
Russia were officially removed from the arsenal of armaments, but
the production of rockets continued until 1908, since they still
found application during the millitary expeditions carried out by
the Russlan army as, for example, in Central Asia. Certain types of
rockets — signal rockets, rescue rockets, and illumination rockets —
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remained in the armament of the army even after the closing, in
1910, of the Nikolayevskiy Rocket Institution, the chief supplier
of rockets., However, desplte the officlal rejection of rockets,

work on thelir improvement continued. Along these lines, we shouild
mention the work of Pomortsev in the area of improving rocket-
missile design. Pomortsev proposed, 1in particular, that rockets be
stabilized not by means of long tall sections, as was the case be-
fore, but by means of annular stabllizers whose dimensilons virtually
dld not exceed those of the rocket. He also proposed rockets that

would function on compressed alr.

I~~~
\\“

7
.

Fig. 1.6. The M8 rocket missile (USSR), caliber
82 mm, launching weight 8 kg, maximum velocity
315 m/sec. 1) Warhead; 2) combustion chamber
(with fixed forward plate); 3) nozzle; 4) cowl-
ing; 5) stabilizer.
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Fig. 1.7. The M13 rocket missile (USSR), caliber 132 mm,
launching weight 42.5 kg, maximum velocity 355 m/sec.

lg Warhead; 2? spacer; 35 combustion chamber; 4) nozzle;
5) cowling; 6) stabilizer.

In addition to the development of new deslgns, Russian scien-
tists worked on a serles of significant theoretical problems in rocket
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engineering.

It 1s well known that the mass of the rocket in the active seg-
ment of the trajectory continuously undergoes change as a result of
the combustion of the propellant and the exhaust of the propellant
gases. This made the calculation of the exterior rocket ballistics
extremely difficult. The solution to the problem of the motion of
a body with a varlable mass 1n alr was sought by many investigators
abroad, but only our sclentists were able to solve thils problem,
thus laylng the foundations for subsequent work, resulting in the
final analysis in the development of contemporary rockets.

The problem of the motion of rockets, as a special case of the
motion of a body with a variable mass, was solved by Professor I.V.
Meshcherskiy in 1895. He proposed a mathematical expression for the
determination of rocket veloclty and the distance covered, which
was a functlon of air resistance, gravitational forces, propellant
welght, gas pressure, and exhaust velocity.

In 1897, Meshcherskiy published yet another work, in which he
presented the equations of the mechanics for the motion of bodies
of variable mass, and in 1904 he provided the solution to yet an-
other important problem on the motion of a body with the simul-
taneous addition and removal of mass from the body, thus laying the
groundwork for the theory of alr-reactlion engines.

The work of another Russlan sclentist — K.E. Tsiolkovskly —
also became well known throughout the world. In 1903, he published
the work "Investigation of Space by Means of Reaction-Thrust De-
vices," in which Tsiolkovskiy, for the first time anywhere, de-
veloped the theory of rocket flight into outer space. In particular,
he proposed a liquid-fuel rocket englne (5252) with all of 1ts baslic

units — a pump for the supply of propellant to the combustion chamber,
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a devlce for the cooling of the combustion chamber by means of one
of the propellant components, an expanding Jet nozzle, etec.

K.E. Tslolkovskly also proposed the idea of artificial satel-
lltes of the earth and planets, setting down the principal struc-
tural dlagrams. The derlvation of the formulas for the determina-
tion of rocket-flight velocltles at any point of the active phase
of the trajectory 1s also credited to him.

These works and a number of others, produced both in Russia
as well as abroad, permitted many sclentists subsequently to return
to the 1dea of developing rocket weapons, but now they were in a
position to work on a higher theoretical level.

After the October Revolution in our country, sclentists and
designers achleved the necessary conditlons for the continuation
of work in the area of improving rockets. As a result of these
works, reaction-thrust missliles of the followlng calibers were de-
signed: 82, 132, and 300 mm (Figs. 1.6, 1.7, and 1.8), which were

used successfully at the front during the Great Fatherland War.

1 J 4
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Fig. 1.8. The M31 rocket missile (USSR), caliber 300 mm,
launching weight 94.6 kg, maximum velocity 255 m/sec.

1) Warhead (assembly); 25 combustion chamber (made in a
single unit, together with the nozzle); 3) cowling;

4) stabilizer; 5) stabilizer guide ring.

It was during the 1930's that all countries undertook the most
serious development of rockets. In Germany these projects were belng

worked on particularly Iintensively. In 1931, the Germans developed
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a solid-propellant rocket missile, but this was not completed until
1935.

In 1936, Germany set up special organizations that were re-

sponsible for the deslign and productlon of rocket weapons exclusively.

Later on, anever-increasing number of scientists Joined these or-
ganlzations, as well as scientists and commercial firms from coun-
tries occupied by Germany.

In 1941, the Germans began using a multiperforated grain and
they also began work on the design of the "D" mortar-firing system,
which fired a 158-mm rocket missile. Subsequently, on the basls of
thls missile, they developed a 300-mm fragmentation-demolition
shell, as well as a 280-mm demolition and 210- and 320-mm incendiary
shells. During the course of the war, the Germans developed 80-
and 150-mm rocket missiles.

It should be pointed out that the German reaction-thrust mis-
siles were turboJet missiles for the most part and therefore ex-
hibited rather high firing accuracy. The German launching installa-
tions made it possible to fire a salvo of only 5-10 rocket missiles,
and thls did not provide sufficient fire power.

The Germans were the first to develop and use long-range
liquid-fuel rockets (V-2) and pilotless airplane-missiles with air-
reaction engines (V-1) for military purposes. In Fig. 1.9 we pre-
sent dlagrams of several types of German rocket missiles.

In addition to Germany, the British, although admittedly not
as iIntensively, were working on the design of rocket missiles. Here
the work was directed primarily toward means of defense against
the rapidly developing bomber-aircraft forces. It was for this
purpose that the British, in 1938, developed the 76-mm antialrcraft
solid-propellant rocket whose weight came to 22.4 kg, which carried
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Flg. 1.9. German rocket missiles from the Second
World War. a) 210-mm fragmentation-demolition
missile; b) the antiailrcraft missile "Luftfaust";

¢) the antiaircraft missile-mothership "Rheilnkind";
d) a verslion of the R-ShR antiaircraft guided
rocket "Rheintochter".™ -

an explosive charge weighing 1.6 kg. This rocket played an impor-
tant role in the defense of England against the raids of German
alrcraft. Mentlion should also be made of the successful work done
in England on the development of aviatilion rocket missiles, this
work begun in 1941; certain of these designs were also taken over
by the USAF.

The United States did almost no work in rocket engineering
prior to the war; it was only in 1940 that intensive planning for
military rockets was begun. First a rocket booster for aviation
bombs was developed, and this booster increased the penetration
capacity of the bomb. In addition, the lmprovement of the antitank
"bazooka" weapon continued until the end of the war; work on this
weapon was begun in 1941. This weapon was capable of destroying a
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tank at a distance of 100-200 m. By the end of the war, a new type
of antitank rocket had been developed; this was the "Super-Bazooka"
which had increased penetrating power.

Much work was done in the USA durlng thils period on equipping
the Air Force and Navy with rockets. In December of 1944, a booster
engine was developed for purposes of accelerating the takeoff run
of an aircraft by a factor of 4. Somewhat earlier, in 1942, naval
rocket bombs weighing 21-29 kg were developed for antisubmarine
actlon. Launching racks for rocket weapons were demountable and were
installed on decks of vessels,

The Americans also did much work on equipping naval and air-
borne landing units with rocket weapons., However, rocket englineering
in the USA underwent particularly great development only in the
postwar period.

We will present below data on certaln military rockets of the

USA and other capitalistic countries.

THE "GROUND-TO-GROUND" CLASSIFICATION OF ROCKETS FOR
FIRING FROM THE GROUND AGAINST GROUND TARGETS
SHORT RANGE ANTITANK MISSILES

The "Dart" (USA)
(Fig. 1.10)

Baslc Misslle Characteristics

Length. i ieereieenvncrsocennnsosssssenssssss 1.52m

WINZSPaN . e e e tvenreeesoenseasonsnnsascsesees 1,27 m

Span of tail unit.....oeveveeveececeneneess 0.914 m

ENgine. . iiveieeessessessensesssnssonsessnss Solld-propellant
rocket (PRD)

Fig. 1.10. The antitank missile "Dart" (USA)
on its launching installation.
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The "891 Vickers-Armstrong" (Great Britain)

Baslic Misslle Characteristics

Length ........ Sttt e ee e e e e . 0.819 m
Tall unlt span ....vviveeneenenens civeensesss 0,279 m
Caliber .iviiiierirteneeeennnnnenosnsssnnnosss 114 mm
Bngine ..uivieieeirietteerennsasenseassseseasss PRD
Welght of missile with launching T
CONtAINEr . .vviierennrnnnernesennnseess 18 kg

Flg. 1.11. The antitank missile 891
"Vickers-Armstrong" (Great Britain).

Figure 1.11 shows thils milssile at instant of firing, and it
also shows the portable contalner which serves, at the same time,
as the launching installation.

ARMY FIELD ROCKETS

The "Lacrosse" (USA)
(Fig. 1.12)

Baslc Characteristics

73 V.3 72 + L
Wingspan ...uiereiiriotocessooeressonsosanse 2
Tail-unit span......... . |
Caliber ..iietirvertveesosesesssacesssnnsoeses D
Engine ....ceevvvveresscenssssessssecssssess PRD
3
1

RANEe .i.vviieneersteessesessesosesosssononnss
weight of rOCket ® 0 0 0 6 0 0 5 9 0 0 8P 0 O PP PN O Bt a0 N

MEDIUM-RANGE BALLISTIC ROCKETS
The "Polaris" (USA)

Basic Characterilstics

Over-all 1ength ...veeeereeveeonnnnnss veees. 8,07 m
- 19 -



Caliber .......... e e et 1370 mm

Engine ® 8 0 0 0 6 0 0 0 0 F 20 O BT LGNNI EE S ESE e TWO—StageEB_D
v Weight of rocket ..viveieeveecneeeenenensenss 13,600 kg
¢ Relatlve weight of propellant ..........e... 0.9

Weilght of Warhead .......cecovune Ceereeneee.. 450 kg

Fig. 1.12. The "Lacrosse" rocket (USA)
in firing position.

The proposed propellant for the two stages 1s a solid propellant
with a mixture based on polyurethane, exhiblting a specific impulse
of J§; = 240 kg-sec/kg.

"GROUND-TO-AIR" CLASSIFICATION OF ROCKETS FOR
FIRING FROM THE GROUND AGAINST AIR TARGETS

The "Nike-Hercules" (USA)
(Fig. 1.13)

Baslc Characteristics

Length ..iieiiiiniiietovisersennsscnssonns
WINESPAN v'evivvrereessoannssnnsessssnneness 1.88 m
CAliber ... iviereerenrecracnsscenssssseecasess 635 mm
Engine (Fig. 1.14) ......vveveveveenacnesss.. TWo-state PRD

Fig. 1.13. The antiaircraft rocket "Nike-
Hercules" (USA) on launching installation.
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Fig. 1.14. The engine of the second stage
of the antiaircraft "Nike-Hercules" rocket.

The "Hawk" (USA)
(Fig. 1.15)
Baslc Characterlstics

Length ....vriviienneeneonens e veees 4,98 m
Wingspan ......ciieeiinenennnnns cetaens eeees 1.19m
Caliber . .iuviirreennossnneocosonsnsnnos veoss 355 mm
Engine ........ Ce et sees et aersseesan s «.... PRD, with two
~~~ thrust stages
Welght of rocket ......... e et 450 kg

Fig. 1.15. Launching installa-
tion with three "Hawk" rockets
(usa).

The "Thunderbird" (Great Britain)
(Fig. 1.16)

Basic Characteristics

Length ....... L 1

WAINEZSPAN +vvvevveoreneoeesocssnsssossssnsees 1.69m
Tail-unlt SPAN «c.vevvererrvestvessnsasarases 1.6 m
CAlibEer ....veevervcnvsneosssnocsnsanasenss. 4O0O mm

Engine @ 9 0 0 5 0 0 @ 0 00 6 0 900 S S S0 IS LN LSOO TWO-Stage £==

- 21 -



Fig. 1.16. The antiaircraft "Thunderbird"
rocket (Great Britain) at the annual air-
show of Farnborough.

"AIR-TO-AIR" CLASSIFICATION OF ROCKETS FOR FIRING
FROM AIRCRAFT AGAINST AIR TARGETS

The "Falcon" (USA)
(Fig. 1.17)

Basic Characteristics

Length ... iieeeenirrenerncnseonnss ceessasesss 1,95 m
Tall-unlt SPAN tiivievriertecosserccecscnsesss 0.5 m
Callber tvivievecrrenearsonesnessnnnasassess 160 mm
Engine ..... Ceeeteersessasacesessssssseansssss PRD
Operating PANKE ..v.veeersrssersssnasnnsenss 2=8 km
VeloCity vuvuvireresnensansncnssnannsnnssaes 2 M(ach)
Welght of misslle .....iievieveserecnrnenees 50 kg

. Fig. 1.17. Two of the last Fig. 1.18. The "Sidewinder"
{ ?ode%s of the "Falcon" missile rocket (USA) on the ground.
g USA).
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The "Sidewinder" (USA)
(Figs. 1.18 and 1.19)

Basic Characterilstics

Length .iveeeneinnnnnn R~ < I8
Tail-unit SPAN v vvivvvnesenenss Ceiernenaess. 048 m
Caliber t.i.ieiiireorseonnsasencsssansessseasss 110 mm
BNZINe tivvenreeneenoonsenseooeosssansnss ... PRD, with an operat-

Welght of missile ..veveveveeenesecnnenneeeas 10 K8

ing time of 2 sec

Fig. 1.19. A USAF interceptor gUSA)
equipped with four "Sidewinder" rockets,
mounted beneath the winds of the air-
craft.

The "Fireflash" (Great Britain)
(Fig. 1.20)

Basic Characteristics

Length ...vveereeerorsoessassnscsassnssssennss 37 M

WINESDAN v evrenveeenerensnassassansssessss 0.714 m
Pa1l-UNit SPAN vuvrrveeronceseeacensscssssss 0.656 m
Altitude, with DOOStErS ....veveesnssesessss 0.602 m

Length of missile airframe .........ceeee..e 2.26 MW
Caliber ...'...I‘.................'.I....‘.. 150rmn
ENZINe ..cieeeeevoresoossoscssssssasssassssss LWO 252, Jettisoned

after burnout of
propellant
Welght Of MISS11e ..eveevecenceeenennesassss 140 kg
We can see clearly in Fig. 1.20 the unique assembly of a mis-
sile with two englnes fastened at the sides of the missile air-

frame and jettisoned after the complete burnout of the propellant.
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Fig. 1.20. The "Fireflash" missile,
mounted beneath the wind of an English
Interceptor.

The "Firestrike" (Great Britain)
(Fig. 1.21)

Baslic Characteristics

Length ® @ & & & 0 8 % 0D O B K O S 00O P OO P 9 O Vs E N e s LN ] 3'18m
WINgSPan ...v.eeveeosesoses et et ese e . 0.4 m
Tail-unilt span .......... Cete e erea e . 0.46m
Caliber 4 iviererroensossosensosssocneronnsoses 220 mm
ENgIne (.iiiienrnecovensarssasvensssasennsecss PRD

Fig. 1.21. The “"Firestrike"

mlssile mounted beneath an

aircraft wing.

The "Matra 2-510" (France)

Baslc Characteristics

Length ® 8 ¢ % F 8 O B 5 00 6 O S O 9L 08 8 0 P e B 2t P VeSS 3.2m
wingspan ..I..II..Q.O...I..I...“..ll..'..ll 1.0m
Caliber ® 9 & ¢ 0 O 0 00 0 5 SO P O SO H O SN O PSS e et 20m
mgine ® 9 & 0 ¢ 00 5 9O G OO S P O S B O N B0 0 s e Pt e PSS £==, Withbooster
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"AIR-TO-GROUND" CLASSIFICATION OF ROCKETS FOR
FIRING FROM AN AIRCRAFT AGAINST GROUND TARGETS

The "Bull Pup" (USA)

(Fig. 1.22)

Basic Characteristics

Length ...iiveviensoneronee
Wingspan ...eceevsoese
Caliber ....civveevnsnne
Engine .......c0ivvnesse

Total welght of missllie .,

.
B
3

e 5 06 00 0000000000

L R A A R R R I R PRD
® 0 008 008000000 270 kg

Fig. 1.22. Mounti
Pup" missiles (US

Fig. 1.23. The "Vanguard"
rocket with 1ts last-stage
engine operating on solid
propellant,

R S AR P SN Lo e e

of the "Bull
beneath the
wing of an aircraft of the tacti-
cal branch of the USAF.

Fig. 1.24. Installation of the
contalner with scientific equip-
ment on the "Jupiter-C" rocket.
The last stage of this rocket
operates on solld propellants.
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The "BB-10" (France)

Baslc Characteristics

Length ...vveeeerneennreconnens ceerereneee 34 m
Tail-unlt SPAN ..v.eveeeeeeseoane Cetieaneness 0.8 m
Engine ¢ 0 5 & 5 0 2 0 0 9 0 & PO 0 0 . . * e o . o 8 " 0 e« EQ

Welght of PocKet ..vveeeererenoeeorennneesss 400 kg

The extensive use of solid-propellant rocket engines was not
restricted to mllitary purposes. Solid-propellant rocket englnes
have proved themselves reliable and effective power plants for power-
ful rockets used for such civillian purposes as the lnvestigation of
outer layers of the terrestrial atmosphere, the launching of arti-
flclal satellites and the mastery of outer space. As an example,
we can cite the well-known "Vanguard" system with a last-stage en-
gine that operates on solid propellants.(Fig. 1.23), or the "Jupiter-
C" (Fig. 1.24). By means of these rockets the Americans were able
to launch several artificlal satellites and to carry out a series

of other investigations in conjunction with the International Geo-

physical Year,
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Chapter 2
TENTATIVE SELECTION OF BASIC DESIGN PARAMETERS FOR A MISSILE
§ 1. REQUIREMENTS IMPOSED ON SOLID-PROPELLANT ROCKET MISSILES*

Of the basic requirements imposed on the design and parameters
of a missile, we can mentlon the followlng:

1) tactical-technical requirements;

2) production-economic requirements.

Tactical-technical requirements include the requirements which
pertaln to the milssile, its launching installation, and the method
of missile utilization (the firing method).

Here, the requirements imposed on the missile are the most
essentlal; however, an underestimation of the requirements imposed
on the launching installatlon or the method of missile utilization
may result in having the entire complex of weapons prove to be in-
adequately perfected or simply not fit for combat, even 1if the
basic element of the complex — the rocket missile — has been de-
signed properly. The requirements imposed on the missile include
the parameters and the characteristics of the rocket engine and
the misslile warhead, as well as information on the required combat
effectiveness of the weapons system belng developed. Of these, the
following are the most lmportant.

The combat designation of the missile (the type of warhead).

The combat designation of a misslile 1s determined by the required
effect that the misslle 1s to have at the target. In the classifica-
- 27 -
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tion ofmissiles according to combat designation, the following types
of missiles have been adopted:

— missiles of basic designation: demolition, fragmentation,
fragmentation-demolition, armor-plercing, incendiary, etc.;

— mlssiles of speclal designation: illumination, smoke, propa-
ganda, etc,

Missiles of basic deslgnation are used for the direct destruc-
tlon of targets. The area in which such missiles can be used is
determined by the military assignments of the field artillery.

If the combat designation (type of warhead) of the missile 1is
given in the tactical-technical requirements, the designer is better
able to select the structural procedure of missile assembly during
the planning and design stage, he 1s in a position to decide on the
shape of the warhead, etc., and he can alsc make a decision as to
the type of fuse to be employed in the missile warhead beilng de-
veloped.

Requirements with respect to missile effectiveness at the target.

For missiles of baslc designation, the requirement for effectiveness
at the target 1s a single-valued function of the payload weight of
the system. Let us examine thils in greater detail.

Demolition missiles are Intended primarily for nonconcrete
fleld-type defense installations such as trenches, shelters, fire
polnts, observation points, etc. Demolltion missiles of large cali-
ber can be used in coordinated ralds against concrete and reinforced-
concrete structures,

Demolitlion bombs destroy the target with the destructive force
produced by the shock wave that 1s generated on the detonation of
the exploslives and, 1n part, by the force of impact agalnst the
obstacle. In accordance with this, the force of demolitlion-missile

- 28 -
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effect at the target 1s determined primerily by the characteristics
and quantity of the explosive material used, sald material enclosed
within the body of the missile warhead; given a certain explosive,
the force 1s uniquely defined by the weight of the explosive charge
in the warhead.

Fragmentation missiles are intended for alr or ground targets
(primarily against obJjects), for the destruction of light field
shelters, etc.

In accordance with the designation of the fragmentation missile,
the basic requirement imposed on the force of such a misslile can be
reduced to the necessity of obtaining the maximum number of effec-
tive fragments over the greatest possible effective range.

As a rule, a fragmentation warhead must have a rather thick
shell and needs a quantity of exploslves adequate only to fragment
the shell into pleces of shrapnel and to ilmpart the required initial
veloclty to the shrapnel. The effectlve force of a fragmentation
missile at the target, as a rule, 1s determined by the maximum
welght of the metal used in the warhead of the misslile, and this
factor will make it possible to estimate the minimum weight of ex-
plosive charge required to achlieve the fragmentation.

Fragmentation-demolition misslles are an example of the uni-
flcation of various types of missiles and these are employed to pro-
duce an effect of shell fragmentation as well as the destructilve
demolition force of the explosion at the target. The requirement im-
posed on the effective force of the warhead of this type of missile
involves the selection of the correct welght of the explosive charge
and the desired quantity of fragments.

For certain types of rocket ammunition such as, for example,

hollow-charge antitank mines, the force is completely determlned
- 29 -
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by the geometry of the warhead. In fact, the effective force of a
hollow-charge mine at the target 1s characterized by the thickness
of the armor plating that 1s penetrated by the stream of products
of the explosion of the hollow-charge warhead of the mine. On the
other hand, 1t has been establlshed that the armor-plercing capa-
bllity of a hollow charge depends on the geometry of the warhead
charge and primarily on the diameter Dv of the hollow funnel; here,

as a rough estimation, we may hold that

D. ~ bml!

ne

where bma 1s the maximum thickness of the armor plate being pene-

X
trated; ne 1s some coefficient that is a function of the shape of
the funnel,

Thus wlth a given magnitude of b we can lmmedlately determine
the basic dimension Dv of the hollow charge, and this dimension is
then employed to select the dimensions of the remaining elements in
the geometry of the hollow charge and the warhead.

In addition to the basic stipulation of effective force for the
missile belng designed, the tactical-technical requirements may in-
clude certaln additional requlrements with respect to the nature
of misslle effectiveness at the target; as a rule, these additional
requirements are imposed on antiaircraft missiles, incendlary mis-

slles, and certain others.

Firing range (or range of direct fire). Rocket missiles of the

field artillery are a means employed to destroy varlous enemy targets
and objects, even if they are situated at conslderable distances
from the firing position. In this connection, the maximum firing
range 1s one of the most important missile characteristics and must
be included in the tactical-technical requirements.

The range requirement uniquely defines the magnitude of required
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missile-flight velocity at the end of the active phase of the tra-

Jectory, since, as has been demonstrated by the solution of the

o

baslic problem of exterior ballistics, the lnitial veloclty of a
body in flight, launched at a certaln angle to the horizon, in turn
uniquely defines the flight range of this body. The magnitude of
the required velocity Vinax is extremely important, since 1t 1s one
of the input parameters in the planning stage for the calculation
of the Interlor ballistic characteristics of the rocket engine of
the missile,

For missiles of the "air-to-air" class and for antitank hollow-
charge mines, we impose the requirement of passing the so-called
combat control distance within a definite period of time rather than
the maximum firing range.

For example, "a missile is designated for ... and must pass a
distance of 1000 m in no less than 2 sec." A similar requirement 1is
imposed by the features of aerial combat and the nature of aircraft
maneuvering on approach. The control distance 1s that dlstance at
which the enemy alrcraft cannot escape the attacking fire nor re-

turn the fire.

Firing accuracy. The probabllity of an unguided rocket missile

hitting a target 1s generally characterized by missile firing accuracy.
Misslle firing accuracy 1is that dimensionless quantity which

characterizes the possible maximum deviation of the missile from
the calculated (theoretical) point of impact. If the greatest devia-

max

tion of the missile from the target is equal to B [m], the firing

accuracy will be characterized by the following quantity:

maz
N=m—0

(, where X 1s the firing range (the distance from the point of milssile

launch to the target).
- 31 -
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In firing, the scattering of missile impact points around a
central sighting point 1s generally estimated by means of the quan-
tities which characterize the mean probable deviation (Bd) of the
missile with respect to range [distance] and in the lateral direc-
tion (Bb). In accordance with this, the firing accuracy with respect
to range is generally regarded as

ny==2
and in the lateral directlon
w=l.

As an example of the formulatioh of tactical-technical require-
ments with respect to firing accuracy we can clte, for example:
"...over the entire range of possible missile flight velocities and

...the stabilizatlon elements of the missile must provide for a

firing accuracy with respect to range that must not exceed

=24 <003
and in the lateral direction not to exceed
,,,;9%<o.01..

This means that the mean probable deviation of impact points
with respect to range must not exceed 3%, and in the lateral direc-
tion it must not exceed 1% of the firing distance.

The establishment of firing-accuracy requirements enables the
designer to select the type of missile stabllization, the general
scheme of missile assembly, and 1t also enables him to solve certailn
other problems in the planning stage.

Total missile welght. For the majority of missiles used in the

field rocket artillery, the total welght 1s stipulated tentatively
in the tactical-technical requirements, within a rather wide range.
Short-range antitank missiles, as well as "ground-to-air" and "air-
to-air" missiles are narrowly restricted in terms of weight.

- 32 -
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The temperature interval for missile utilization. As a rule,

the tactical-technical requirements stipulate the maximum tempera-
ture interval within which a rocket missile must assure faultless
combat capabllity.

The necessity of taking Into consideration a certaln interval
of operating temperatures can be explained by the fact that the
basic parameters of a solid-propellant rocket engine depend strongly
on the 1iniltlal temperature of the charge and, at various tempera-
tures, may undergo substantial change. This brings forth a series of
speciflic problems which must be borne I1n mind at the very beginning
of the misslle planning stage.

The rellability of the entire weapons system (faultless mis-

sile operation).

The posslbility and convenience of transporting a missile in

crates or directly on combat vehicles, and here it 1s assumed, as a

rule, that the mlssile should not surrender any of its combat readi-
ness as a result of the transportation process.

Permissible prelaunch checks and similar regulation operations

and their duration.

The possibility of long missile storage.

The above-mentioned requirements and periods make 1t possible
for the designer to approach intelligently and with Jjustification
the solution of, for example, the problem of the selection of the
material for certaln missile units, the selectlon of anticorrosion
coatings, etc., and to select the method of protecting the missile
during storage in warehouses and arsenals,

In the production-economic requirements we present the techno-
logical and economic indicators that are required for the missile
design being planned. This group of requirements is difficult to
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break down unless they are referred specifically to a certain end
product; however, some of the following may be classifled as general
requirements:

— restriction of material expenditures during the planning
phase, and in the production and testing of the missile and all of
its systems;

— the adaptability of individual units and missile component
parts to productlon processes;

— the utilization of lnexpenslve construction materials, as well
as those that are not 1n short supply, etc.

The contents of the tactical-technlcal requirements for the
design of a milssile, as well as an analysis of the corresponding
conclusions, must always precede the direct development of a design
and the calculatlons. Only in this case can the new design fully
meet all of the requirements imposed, and it is only in this way
that the missile belng planned will be in a position to cope with
all of the problems before 1it.

§ 2. SELECTION AND JUSTIFICATION OF STRUCTURAL MISSILE DIAGRAMS

The structural diagram of a rocket missile refers to that inter-
related positioning of the baslic misslile parts — warhead and rocket —
into an over-all assembly.

There are several possible ways of assembling a solid-propellant
rocket mlssile. Examples of such structural dlagrams are presented
in Fig. 2.1.

The structural diagram for the misslle should be selected after
the careful analysis of the tactlcal-technical requirements for the

missile,

O e o

Most frequently, in the planning stage, a normal diagram (Fig.
2.1a) 1s selected. However, this diagram in no way can be regarded
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Fig. 2.1. Possible structural dlagrams for the
assembly of a solid-propellant rocket missile.
P.4 = r.ch. = rocket part
6.1 = b.ch, = warhead.

as optlmum for missiles of varlous designations. Apparently, it 1s
only for armor- and concrete-piercing missiles that this normal
dlagram 1s the only one possible. As a matter of fact, fragmenta-
tion missiles with a contact fuse will exhiblt greater effectiveness
1f they are executed in accordance with a completely opposite dia-
gram (Fig. 2.1b). Indeed, it 1s precisely in this case that the maxi-~
mum number of warhead fragments will be scattered agalnst the ob-
stacle at the instant that the explosive charge is set off as the
misslle strikes the obstacle, whereas in the case of the normal dia-
gram a substantlal number of the fragments would move into the ground
dlirectly at the polnt of missile impact. When noncontact fuses are
employed, the structural diagram which assumes an internal position
of the warhead (Fig. 2.1c) 1s extremely effective in the case of a
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fragmentation missile. In this case, the total number of fragments
increases substantially because both the warhead and the combustion

chamber are blown apart on detonation.

Fig. 2.2. Examples of the utllization of varizus
structural diagrams in the deslgn of actual
missiles shapes.a) inverse diagram (158.5-mm
German turbojet missile); b) normal diagram
(82-mm German finned missile); c) diagram of
intermediate warhead position (German guided
antlaircraft rocket "Rheintochter").

The structural diagram of an internal rocket portion (Fig. 2.1d)
as well as the dlagram of an intermediate rocket-portion position
(Fig. 2.1f), may be recommended for powerful demolition missiles.
Moreover, the structural diagram of the internal positioning of the
rocket missile is efficient even when it 1s necessary to decrease the
over-all length of the missile from the standpoint, for example, of
missile flight stability or for any other reasons. The structural dia-
gram of intermediate warhead positioning (Fig. 2.le) is particularly
promising for the design of high-speed and superlong-range missiles;
in this case, it 1s sometimes sensible to provide for separation
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(Jettisoning) as the afterburner (rear combustion chamber) is put
into operation.

Effective demolition-fragmentation missiles can be designed
on the basls of a structural dilagram involving the intermediate
positioning of the rocket portlon, 1if the forward warhead of such
a missile 1s of the demolitlon or fragmentation-demolition type, and
the rear warhead 1s of the fragmentation type.

Examples of specific designs, developed with the use of various
diagrams for the interrelated positioning of warhead and rocket
parts are presented in Fig. 2.2.

It i1s important to underscore once again that the selection of
the structural diagram 1s an extremely important and responsible
stage of misslle planring, a stage that frequently offers tremendous
hidden possibilities of lncreasing the effectiveness of the weapon
being developed as well as improving other parameters of the shape of
missiles in question. Sometimes, the possibility of satisfying the
tactical-technical requirements depends on the very selection of
the structural diagram for the upcoming missile.

As Justification for the selected diagram, it becomes neces-
sary to evaluate the advantages and shortcomings of this structural
dlagram from the standpolint of satisfying the tactlcal-technical
requirements.

All other conditlons being equal, a good gulde to follow is the
selection of the simplest possible structural diagram and to select
a more compllicated diagram only if convincing proof 1is at hand to
Justify the need for such a selection.

§ 3. TENTATIVE SELECTION OF BASIC CALCULATION PARAMETERS FOR THE

MISSILE BEING PLANNFD

The inlitial parameters for all theoretical calculations carried
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out during the design stage for a solid-propellant rocket missile
are the following:
a) the welght parameters of the missile:
P, 1s the welght of the explosive charge;
PO 1s the total welght of the fully armed missile;
@ is the welght of the solid-propellant charge;
Qe 1s the welght of the englne;
qp i1s the passive weilght of the missile (the missile weight
when all of the solid propellant has been consumed);
b) geometric characteristics of the missile:
d 1s the caliber;
1l 1s the total length;
2Lop is the taill-unit span;
c) basic trajectory parameters of missile flight:
xmax is the maximum firing range;
Hmax is maximum altitude of missile ascent during flight (on
the trajectory);
Vmax 1s the veloclty of the missile at the end of the active
phase of the trajectory;
Bd(b)/xmax is the characteristic of missile firing accuracy;
d) working characteristics and basic parameters of the inter-
ior ballistics of the rocket engilne:
p = p(t) is the change in pressure within the combustion cham-
ber as a function of time (the pressure curve);
+ t° 1s the temperature interval of engline operation;
T 1s the time of engine operation;
Prnax 1s the maximum pressure within the combustlon chamber.
(~ Some of the enumerated characteristics are presented in tactical-

technical requirements (X, Py, Py, p = p(t), T, etc.); of these,
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those that are not defined 1n the requirements, must be tentatively
selected at the beglnning of the planning stage.

The calculated (theoretical) parameters for the preliminary
tentative assembly of the future end product are selected on the
basis of experience galned 1n design and theoretical projects as
well as on the basls of the exlisting requirements.

Calculation of welght characteristics for the misslle. As a

rule, the tactical-technical requlirements with respect to the com-

bat effectiveness at the target on the part of the missile beilng

planned eilther gilve or make it posslible to define uniquely the weight

of the missile warhead explosive charge (the weight of the missile

payload). Therefore the quantity P, can always be regarded as known.
Having P, and knowing the combat designation of the missile

(the type of warhead), we can tentatively estimate the total weight

of the missile warhead. Here we use statistical data on the so-

called fill factor n by which we mean the ratio between the welght

of the warhead payload and the total warhead weight:

P
n-p—g,mox. (2.1)
where PS'Ch is the welght of the armed warhead.

The characteristic values of the f111 factor 7n for missiles
of various designations are as follows:

55%, for demolition missiles (M31, USSR);

15%, for fragmentation missiles ("Luftfaust," Germany);

25%, for fragmentation-demolition missiles (M13, USSR).

The tentative value of the total welight of the missile war-

head 1s determined by n iIn the followling form:
P =Pe 100, (2.2)
o

If the caliber d of the missile being designed 1s 1ndicated in
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tactical-technical requirements, we can use the statistical coef-
ficient k  of relative missile weight and the coefficient k, of
relative payload weight for a tentative determination of the welght
characteristics of the warhead in the missile being designed.

The above-mentioned coefficients are determined by the follow-

ing relationships:

. phe
. k,=-—:—.‘-:ﬂ__kg/dm3, (2.3)
P 3
b= ke/dm.. (2.4)

The values of the coefficlents ks for missiles with various
combat deslgnations are approximately the following:

2, for demolition missiles (300-mm missile, Germany);

6, for fragmentation missiles (M8, USSR);

8, for fragmentation-demolition missiles (M13, USSR).

Accordingly, the values of k, are equal to:

3, for demolition missiles (300-mm missile, Germany);

1, for fragmentation missiles (M8, USSR);

2, for fragmentation-demolition missiles (M13, USSR).

The total welight of the rocket missile 1s comprised of the

b.ch
0

and the weight w of the solid-propellant charge. If the magnitude

welght P of the warhead, the weight Q. of the rocket engilne,

of the total weight Po is given in the tactical-technlcal require-
ments, the remaining combat characteristics can be determined com-
paratively simply.

In fact, expanding the right-hand part of Tsiolkovskiy's for-

mula in series, we will have for the maximum velocity of the rocket

oo =U. Inf1 42"
=V, n(l +ﬁ)
and keeping only the first-degree terms in the expansion, 1t is

easy to obtain the following approximate relationship:
- 40 -
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'v-nzuo 24.:_' ° (2.5)

From (2.5) the quantity w is defined as
A ot (2.6)

or, taking into consideration that qp = Po - w,

o=F wfv;':..... : (2.61)

The quantity w, found from Relationship (2.6) or (2.6'),
represents the weight of the solid-propellant charge required to

impart a velocity v to a rocket having a launching welght of

max
Po and a passive weight qp (under the condition that the exhaust
veloclity for the products of combustion amounts to Ue)'

The quantity Vimax which must be known in order to use Rela-
tionship (2.6) or (2.6') in specific calculations, is estimated
approximately on the basis of the gilven firing range. In this case,
it 1s possible to use elither ballistic tables or the tentative for-
mulas derived in Chapter 6. With respect to Ue it has been demon-
strated that

U=} g m/sec,
where Jl is the specific 1impulse of the engine; g 1is the accelera-
tion of gravity, and since for the majority of solid-propellant
rocket engines the quantity Jl is suffilciently stable and amounts,
on the average, to Jl = 200 kg-sec/kg,* we can ssume in approximate
terms that
U,=1960—2000 m/sec .

Thus it becomes possible to determine with sufficient accuracy
one of the most important weight characteristics of a rocket missile
— the weight of the sollid-propellant charge ¢f the engine. After
this, the passive welght of the missile will be
¢a=Pr—e, (2.7)
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and since the passive welght 1s composed of the weight of the armed
warhead and the structural weight of the engine, the quantity QY
is determined by the difference

q=0.—P" (2.8)

It 1s more complicated to estimate the welght characteristics
of the missile, if the quantity PO is nbt indicated 1n the tactical-
technical requirements. In this case, the following calculation
method may be employed.

It has been established that for almost all types of rocket
missiles used in the fleld artillery, the weight of the metal which
goes 1Into the combustion chamber can be determined in terms of the
welght of the metal used in the warhead by means of a certain pro-
portionality functlion ¢ which represents the product of specilal
coefflclients:

D=k, Rk, . - oo
where kt.s is the coefficlent of the type of missile warhead; kd
1s the coefficient of misslle caliber; kp 1s the coefflclent by
which we take into consideration the effect on Qe of the magnitude

of pressure in the combustion chamber (at d = const); ............
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Thus, in thls case,

Q= (F —Po)=h, ke, . . . (P3*—Py), (2.9)
where for demolition missiles of medium caliber wlth pressure in
the combustion chamber not exceeding p = 100 kg/cm2 (of the 300-mm
type demolition missile, Germany) we can assume

0. <(20+21) (A" P,),
while for fragmentation missiles (of the M8 type, USSR)
=(1,8+ 1O F "~ Py).
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After the determination of Qs the remaining unknown welight
characteristics can be found without difficulty. In fact, accord-
’ ing to (2.8)
Ga=0.+ P2,
after which, in accordance with (2.6), it 1is easy to calculate w
and to find the total welight of the missile:
Po=grt-o.

The tentatlve relationshlps that have been presented here make
it possible to estimate the theoretical weight characteristics of
the missile with sufficlent accuracy; these characteristics must
be known in order to design each specific end product.

The selection of the baslc weight characteristics is of great
slgnificance not only for the direct planning of the rocket missile,
but for the 1issuance of preliminary requirements with respect to
the design of the launching installation and other auxiliary ground
equipment ., 4

The determination of geometrlc missile characteristics. Of the

geometric characteristics, as a rule, the caliber of the missile
is indicated 1n the tactical-technical requirements, at least for
missiles of the "air-to-air" classification, as well as for anti-
tank and certain other missiles. If the callber 1s not given 1n

the tactical-technical requlrements, a tentative magnitude of call-

ber can be estimated on the basis of the statistical coefficients
ks or k.. The following may be regarded as a calculation formula

for the determination of the magnitude of d:
J - AR
=1/ 2 (o Pe) am. 2.10
d Vu(° T (2.10)

The second basic geometric characteristic of a rocket missile

‘; is the total length of the rocket missile and this can be deter-
mined conclusively only by consideration of the conditions of mis-
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slle stability during flight, i.e., in fact only after the model
has passed 1ts windtunnel tests and after the test firing of con-
trol prototypes. However, we can bear in mind, even during the
preliminary calculations, that for missiles stablilized by fins,
the optimum length 1s approximately

1= (8-10) d (to 15d) (2.11)

(M8, M13, M13DD, USSR),
whereas for turbojet missiles

1= (4-6) a (to 10 4d) (2.11"')
(300- and 210-mm missiles, Germany).

The span 2Lop of the stabilizatlion fins of a rocket missile are
determined by the aerodynamlic characteristics of the object, as
well as by the in-plan view of the shape and the number of fins in
the stabllizer. There is, apparently, no point in enumerating all
of the speclal cases which might occur in the determination of the

dimension 2Lo , and we need only point out that for the most fre-

p
quently employed four-finned tail unit (in the shape of a blade

in the in-plan view) that is almost rectangular, the dimension 2Lop
generally does not exceed

(2L.@um-3¢~
The parameters of flight trajectory. The most important flight-

trajectory parameters may be regarded as maximum firing range and
missile firing accuracy. Both of these characteristics are glven in
the tactical-technical requirements for the design of the object.
The remaining parameters can be estimated with comparative ease on
the basls of the simplified theory of missile flight along a tra-
Jectory (see Chapter 6).

The working characteristics and the basic parameters of ilnterlor

ballistics of rocket engines. The sequence of selecting the basic
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rocket-engine parameters and the working characteristics of a rocket
engine are examined in detail in Chapter 4.

After the selection of the basic parameters of the missile
belng desighed, we undertake the working out of the various mis-
8lle design verslions and the detailed calculation of the interior
ballistics of the engine as well as the flight characteristics of
the missile. During the process of this work, the parameters that

were lnlitlally assumed are refined and corrected.

§ 4. THE PLANNING PROCEDURE FOR A FIELD-ARTILLERY ROCKET MISSILE
AND ITS INDIVIDUAL ELEMENTS

The 1nltlal design of a field-artillery rocket missile 1s pre-
sented in Fig. 2.3.

In accordance with the construction of a solid-propellant
rocket missile, the planning stage includes:

1) the designing of the missile elements:

— the warhead;

— the combustion chamber;

— the nozzle unit;

— the stabllization systems, the spacers, and other auxiliary
elements of the structure;

2) the design of the solid-propellant charge of the engine:

— the selection of the type of working charge and its insertion
into the combustion chamber;

— the design of the igniter.

The design of each of the missile elements can be reduced to
a serles of successive calculations and the seeking of the most
promising design solutions. In this case, the approximate sequence
of the planning of individual misslile elements can be carried out

in accordance with the followling procedures.
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Fig. 2.3. Basic design of a contemporary solid-
propellant fileld-artillery rocket missile. a) War-
hear; b) rocket; 1) fuse; 2) auxiliary detonator;
3) warhead frame; 4) bursting charge; 5) spacer;

6) igniter, with electroigniter system; 7) for-
ward grid (trap for retention of igniter and
grain (charge); é ) body of combustion chamber;

9) solid-propellant working charge of engilne;

10) diaphragm; 11) nozzle assembly.

The procedure for the planning and design of the warhead:

1) selection of the warhead type in accordance with missile
designation;

2) selectlion of warhead shape, and Justification for this
selectlon;

3) calculation of thickness of head wall, based on the stand-
point of providing strength on impact against obstacle (demolition
warheads) or on other considerations (for example, for fragmentatlon
missiles, the obtalning of a definite number of fragments of given
weight, etc.);

4) the development of a production process for the fabrication
of the warhead frame, geared to mass production;

5) the selection of the type of fuse and the working out of the
tactical-technical requirements for the design of this 1item.

The procedure for the planning and design of the combustion
chamber:

1) the selection of the combustion-chamber design;

2) the calculation of the wall thickness which will guarantee
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engine durability at the working pressure and gas temperature within
the combustion chamber;

3) an analysis of the possibilities of reducing the thickness
of the combustion-chamber wall by employling thermal insulation or
other speclal measures;

4) the selection of the system to be employed to connect the
warhead and rocket parts of the mlssile, and the type of connection
device to be employed;

5) strength calculations for the connection unit;

6) the development of a production process for the fabrication
of the engine frame, wilith an eye to conditlons requlred from the
standpoint of mass production.

The procedure for the planning and deslign of the nozzle assembly:

1) calculation of basic nozzle dimensions in order to ensure
the required ballistic characteristics of the engine;

2) the selection of the type of nozzle assembly (a single nozzle
or a nozzle cover with several nozzles) and the Jjustification for
this selection;

3) geometrical planning of the nozzle cover for the missile
and the selectlion of the type of connection to be used to link this
cover with the combustlion chamber;

4) strength calculations for the connection unit;

5) selection of the grid (trap) and the matching of its con-
figuration with the selected grain (charge) and the nozzle cover;

6) thermal calculations for the elements of the nozzle assembly;

7) the working out of production techniques for the nozzle
cover, geared to conditions of mass production.

The procedure for the planning and design of a misslle stabiliza-

tion system:
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1) the selection of the type of stabilization system (finning,
rotation, combined stabilization). An analysis and Justification
for the selection made;

2) calculation of stabilizer dimensions for the case of stabi-
lization by means of finning;

3) calculation of the flare angle of the nozzle for turbojet
misslles;

4) correction of stabilization elements on the basis of results
obtained in windtunnel tests and test firings;

5) working out of production problems with respect to the
stabllization elements of the missile;

6) estimate of anticipated firing-accuracy parameters for the
missile being designed.

The procedure for the planning and design of the spacers and
other auxilliary elements 1in the design:

1) the selection and Jjustification for the type of connection
unit (demountable, nondemountable, threaded, welded):

2) the selection of the structural diagram for the connection
and shape of the component parts;

3) strength calculations for the component parts and the entire
unit from the standpoint of hermetic sealing, rigidity, permenance
of Joints;

4) working out of production problems with respect to individual
components and the assembly of the entire unit.

In the design of the solid-propellant grain (charge) of the en-
gine, the selection and calculation of the lgniter for the class of
englnes under conslderation presents no particular difficulties and
can be reduced to the selection of weighted portions of black powder

which 1s used to bring the baslc charge to a regime of stable com-
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bustion., With respect to the design of the basic charge, however,
it should be pointed out that this problem is extremely complex

and 1s, in essence, baslc to the design of the engine. The sequence
of work to be carried out in the design of the working propellant
charge can be as follows.

The procedure for the planning and design of the solid-pro-
pellant workling charge is as follows:

1) the selection of the brand of powder (or other solid pro-
pellant), taking into consilderation the basic tactical-technical
requlrement imposed on the parameters of interior ballistics and
the operating conditions for the missile,

An analysis of the raw materlals available for the selected
composition of the solid propellant from the standpoint of fabri-
cating 1t 1n great quantities under unfavorable conditions;

2) the selection of the working pressure in the combustion
chamber, from the standpoint of providing the required thrust param-
eters and for scable solid-propellant combustion within a given
interval of initlal temperatures;

3) calculations of the parameters of interior engine ballistics
(calculation of grain combustion);

4) the geometric design of the charge and the Jjustification of
the adopted grain shape;

5) the insertion of the grain into the combustion chamber;

6) correction of engine and charge in accordance with results
of combustion and ignition tests on test englnes.

In the designing of speciflc graln specimens, the sequence of
solving individual design problems and the scope of the work being
done can differ in individual cases (particularly, in the case of
designing special grain shapes) from those cited in the procedures
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above. Therefore, a creative approach is required for the above-
mentloned procedures, and each should be adapted to agree with a
specific missile design and the contents of the tactical-technical

requirements for this missile.

[Footnotes]

Manu -
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[List of Transliterated Symbols]

30 D =Dy = Dysronka ™ Prunnel

30 Ny = B ™ Oeorma (voronki) ™ Mshape (of funnel)

32 M5 = Ma = Ndalmost' = Mrange

32 M6 = ™ ™ Tbokovoye (napravieniye) = Mlateral (direction)

38 Qe = 9% = Yonstruktsiya (dvigatelya) = Jengine

38 9 = 9 = passivnyy " Ypassive

38 Lon™ Top = Ioperentiye = ltail-unit

) 1
39 pOe¥ , pP-Ch _ pboyevaya chast' _ , warhead
ﬁ: tc = Kg = Kgnaryad = Kmissile

r.c = ¥t.8 = ¥t1p snaryada ™ Kivpe of missile
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Chapter 3
DESIGN OF MISSILE WARHEAD
§ 1. DEMOLITION WARHEAD

Baslic Design Characteristics of a Demolition Warhead

Demolition missiles belong to the class of basic-designation
missiles and are intended for the destruction of various defensilve
structures.

The parameters of the combat effectiveness of a demolition
missile are totally determined by the characteristics of the explo-
sive employed, the weight of the exploslve charge, and by certailn
structural elements of the warhead body.

It 1s the general practice to regard the basic missile force
requirement as the disposition of the maximum quantity of effective
explosive within the body of the warhead, so that it 1s possible
to ralse the force of the demolition warhead by using a more power-
ful explosive or by Increasing the capaclity of the explosive cham-
ber.

The first method 1s, for all intents and purposes, a rather
limited means of increasing effectiveness, since, first of all, the
power of the explosive, 1.e., the reserve of internal explosive
energy liberated on detonatlon has a certain maximum and, secondly,
with increased power the sensitlvity of the explosive to external
disturbances also increases, i.e., missile safety is affected (re-
duced), in operational handling.
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The capaclity of the warhead charge chamber can be increased —
given a constant missile callber — by reducing the thickness of
the walls or increasing the length of the warhead. In thils caSe,
the minimum wall thickness must be such that the missile preserves
structural strength on impact against an obstacle, and the maximum
length is limited by the requirement of a compact demolition explosion
and the consideratlons that are associated with the conditions of
missile stability in flight (on the trajectory).

The baslec structural characteristic of a demolition warhead,
indlcating the relative magnitude of the explosive welght content,
is the missile warhead fill factor

which amounts to 50-60% for the most effective grains.
Other important structural characteristics of a demolition
warhead are the following:
1) the relative wall thickness of the warhead frame (body)
5., =(8/300) d (M31, USSR);
2) the relative warhead length
pi

b.ch
3) the coefficients ks and k, of relative welght, whose numerl-

= 1.5 @ (M31, USSR);

cal values are presented in Chapter 2, are the following:
ky = By °"/a3 ke/am’,
Ky = Po/d3 ke/dm3.

The above enumerated structural characteristics of the warhead
are extremely important, since the average statistical values of
these characteristics can be used successfully for tentatlve rough
calculations in the pre-sketch design stage.

Of course, it should be borne in mind that the warhead param-
eters selected by means of these structural characteristics must
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necessarily be refined during the subsequent stages of work on the

mlssile.

Selection of Shape of Warhead Frame (Body)

The shape of the frame of a demolitlion warhead is selected on
the basis of making provision for the optimum conditions of explo-
sion development on the detonation of the grain against a given
obstacle, as stipulated in the tactical-technical requirements.
Moreover, in the selection of shape we must take into consideration
the production-engineering requirements, and for standard missiles
we must also consider the requirement of minimum aerodynamic war-
head drag during flight.

The action of the demolition missile at the target 1is composed
of two moments: the penetration of the grain (charge) into the
obstacle and the detonation of the grain within the obstacle at a
certaln set depth. Consequently, the selected shape must provide
primarily for ease of warhead penetration into the obstacle, on
the one hand, and for maximum explosion shock-wave parameters, on
the other hand.

Deslgn practice and the utilization of demolition missiles
has demonstrated that from the standpoint of facilitating missile
penetration into a free-flowing obstacle such as conventional solls,
the most sultable shape is a cone having an angle at the apex of
the order of

8y oh = 18-20° (It may be ~30°),

A warhead with an oglve curve generatrix is somewhat worse in
this respect.

From the standpoint of the maximum effect of the demolition
explosion shock wave at the target, the most desirable warhead

shape 1s that of a sphere, a short cylinder, or the like. These
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shapes produce a high fill factor
and allow for compact loading of
explosives into the warhead chamber,
thus making 1t possible to attain

the highest parameters of demollition-

explosion effectiveness. The warhead

Fig. 3.1. Shape of warhead,
resulting in minimum aero-
dynamic resistance (drag).
R§ oglve curve radilus; d
cylinder diameter; M) point

of intersection between
cylindrical part and ogive the shortcoming of difficulty in
curve.

shapes that are optimum from the

standpoint of effectiveness exhibit

assembly, 1.e., for missiles 1n which
the warhead 1s situated at the front.

The minimum aerodynamic resistance (drag) 1s offered by a war-
head shape which 1s comprised of an ogive curve and a cylinder,
connected without exact merging of the edges (Fig. 3.1). A shape
of this type makes 1t possible to reduce the coefflclent of frontal

missile-warhead resistance C by 15 to 20% in comparison with

X b.ch
even a shape exhibiting maximum generatrix contact, which at first
seems to be more streamlined. However, a shape of thls type does
not lend itself to production and 1s virtually never employed in
actual designs. The use of this shape on a tentative basis makes
sense only in the deslgn of turbojet missliles where

Cx sn ~ Cx b.ch’

where Cx sn is the coefficient of missile frontal resistance,

whereas for finned missiles the basic portion of C is composed

X sn
of the resistance of the tail assembly (50-70%#) and, consequently,

the effect of warhead shape will be insignificant on the total

Cx sn’

Thus 1f a cone 1is the best shape from the standpoint of obstacle

e |

penetrability, completely different shapes are optimum for purposes
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bf achleving maximum effectiveness of demolition at the target as
well as from the standpoint of aerodynamics. As a result, the
selection of shape in each specific design case can be reduced

to the solutlon of the problem of determining the group of require-
ments whose fulfillment should receive preference. This solution
must be based on an analysis of the tactlical-technical requirements
for the missile, taking into consideration the adopted structural
diagram of the missile, which determines its over-all assembly.

- Calculation of the Wall Thickness of the Demolltion-Warhead Frame,
on the Basls of Strength Condltions on Impact Against an Obstacle

Since a demolition missile 1s, as a rule, designed with the
maximum possible fi1l1l factor, the body of the misslile warhead in
this case 1s a comparatively thin-walled structure. Naturally, the
strength of thils structure must be sufficlent to withstand all
possible external loads during the fabrication process, during
storage, in transportation, and in the combat utllization of the
missile; it 1s for this reason that the maximum warhead wall thick-
ness 1s based on conditions of strength.

In an analysis of all possible external loads, 1t 1s easy to
establish that the greatest loads are those which act on the mils-
slle at the instant that 1t strilkes the obstacle. It is precisely
this instant at which the missile strikes the obstacle that 1s
taken as the calculation base for the determination of minimum per-
missible wall thickness. It should be borne in mind that the strength
of the body must be adequate to withstand not only the initial in-
stant of impact against the obstacle, but 1t must remain intact
until the detonation of the explosive charge, since only in this
case will the conditions for the complete utilization of the explo-
sive charge at the target prevall, 1.e., only in this case will maxi-
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mum explosion effectiveness be achieved.

Selection of Critlical Cross Section

Let us examine a missile at some arbitrary instant of missile
penetration into an obstacle (Fig. 3.2). Neglecting the possible
angle of attack a of the missile on the last segment of the trajec-
tory, we will assume that the impact of the missile against the
obstacle 1is normal; moreover, we will assume the impact to be
symmetrical, which for angles of incldence close to the usual (40—

— 500), results 1n no basic errors in subsequent calculations, but
substantlially simplifies the computations.

We know that the internal stresses in the component parts
and units of individual structures are produced by external forces
and moments acting on these component parts. Therefore, before we
consider the stresses acting on the wall of the warhead body, let
us examine the external loads which result in these stresses. In
the case of a direct strike, the external loads pertain only to
forces, and here in accordance with Fig. 3.3, these forces for the
part of the warhead body indicated by some arbitrary equatorial
cross section MM are the following:

— the force of obstacle resistance to penetration, distributed
over the part of the warhead frame penetrating the obstacle at the
instant of time t and resulting in the appearance of a distributed
load p, on the outer surface of the body;

— the initilal welght of the metal above the c¢ross section MM,

E;
|
|
|

pﬁn, where n is the overload factor; Pﬁ is the weight of the above-
mentioned metal, defined as the sum
Pu=Pist-Put Pt Put . . .
( Pé.ch is the welight of that part of the warhead frame above the cross

section MM; Pdn is the welght of the bottom plate; P is the

k.s
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welght of the combustion chamber;

Pst is the weight of the stabilizer;

bvym, — the pressure (pn) due to the

/ v equipment, acting on the inner wall
b)

of the warhead cavity.

Fig. 3.2. Missile impact
against an obstacle. a) actual As a result of the action of
diagram of impact; b) theo-

retical (calculatlon) diagram these loads, two basic types of

ggniz?aég;vziogggéeagfiiggéat stresses are developed: longitudinal
s

of impact. compressive stresses g, = f(Pﬁn) and

circumferential stresses o5 = f(pn).
If we assume that the weight characteristics of the missile
are fully known, then in order to find the magnitudes of the active

stresses we must also know:

— the magnitude and nature of change in overload with depth of

penetration;

\ A
%
%//, » .

Fig. 3.3. Diagram of forces acting on

the warhead in the case of missile im-

pact against an obstacle.

‘ — the counteraction of the obstacle to missile penetration.

It has been established experimentally that the magnitude of

overload 1s a function of penetration depth; here, at the instant
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that the missile has penetrated

n
n 'fﬁE;* B approximately to a depth equal to

5 fﬁgéz+ the length of the ogive curve, the

overload attailns Npax® Along the

remainder of the penetration course,

the overload gradually diminishes

th— . . ¢ to zero (Fig. 3.4). With respect to
(™

the countereffect of the obstacle,
Fig. 3.4. Nature of change in

overload n as a function of however, it can be taken int
missile penetration into ’ a ©

obstacle, for varlous warhead ,ongideration in first approximation
shapes. ll) depth of penetra- PP

tion, corresponding to maxi- if it is assumed that the pressure
mum overload; lpr) total depth

due to the i t remains constant
of penetration. cquipmen main on

in those sectlons of the warhead
that have penetrated into the obstacle.

If we take all of the above 1nto conslderation, we can present
the dilagrams of active forces for various instants of time in the
form of the curves shown in Fig. 3.5. By examining the curves we
can satisfy ourselves that the “dangerous" [critical] cross section,
l.e., loosely speakling, the cross section in which the greatest
forces act, shifts with respect to the penetration of the grain
(charge) into the obstacle, from the nose to the cylindrical part
of the misslile. However, a comparison of the absolute values of the
forces acting at various instants of time (tl, to, vee), Will re-
veal that the true critical cross section AA should be sought at
the instant of time t3 at which the greatest inertial overload 1s
acting on the missile, 1.e., at the instant of time at which the
active forces are at their maximum. In formal terms, the critical

(_' section in this case may be assumed to be any equatorial cross

section. However, if we take into consideration the geometrical
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features of the warhead and the fact that the deformations of the

cross sections within the obstacle are limited by the counteraction

of the very medium recelving a part of the load, it should be as-

sumed that the actual critical cross section AA will be situated

approximately at the point at which the ogive curve of the missile

makes the transition to the cylindrical part of the missile, some-

what above the theoretical point of contact between the oglve curve

and the cylinder.

. Fyel)a,
Nyo Ny

Flg. 3.5. Dlagrams characteriz-
ing change in longitudinal
force and pressure due to
equipment, as functions of
missile penetration into ob-
stacle. n,, n,, and n3) the

overloads which correspond to
the instants of time tl, t2,

and t3; 1) t, sec.

The cited Justification for
the selection of cross section AA
as the critical cross section is
not rigorous and 1ls based primarily
on 1lntultive concepts regarding the
physics of thls phenomenon; however,
the final conclusion cannot be sub-
Ject to any doubt and can be con-
firmed theoretically at any time
by means of rather rigorous relation-
ships.
Derivation of Tentative Formulas for

Calculation of Stresses in the Critical
Cross Sectlion

In actual practice, it is
expedient to isolate and examine
separately two calculation cases:
the case in which the stresses pro-

duced by the action of the forces of

the 1lnertial weight of the metal above the cross section AA are

determining factors in warhead body strength, or the case in which
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these stresses are the stresses from
(pn).

The first case is found, for
example, in long-range missiles of

Fig. 3.6. A missile in whose normal configuration and with a

warhead body the stresses due .
to the internal pressure of relatively low f1l11 factor; the
the equipment are critical

(dangerous). second case is found with a missile

of the type shown in Fig. 3.6.
In the first case, a rather rigid cylindrical shell, compressed
by a longitudinal force Pﬁnmax’ may be taken as the calculation
diagram. For such a shell

0 = .P;n..,
o 1
and the condition of strength will be
_. P'.ﬂ..g! e,
2 (ar—a? ==—fL' (3.2)
7 (@)

where Pr;lnmax is the lnertial weight of the metal above the critical
cross section; Noax 1s the maximum overload; 4 1s the caliber of
the warhead; dvn 1s the dlameter of the inner warhead cavity;

oszh is the ultimate compressive strength of the material; { is

the safety factor.

From (3.2) we can derive the relationship for an estimate of
the 1imlt wall thickness 6m1n’ for which it is sufficlent to use the
obvious relationshilp

Ara=d—23,
by means of which it 1is easy to rearrange (3.2) to take the follow-
ing form:
47, Bmack

= —(d—28) == 243 — 4.
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This expression is a quadratic equation for the sought 6;

P l.u;

-4 S,

formally yielding two solutions

43 P l-u(
8"’-Til/ lo" ’

but which in essence uniquely defines the sought magnitude of the

minimum permissible wall thickness

-—-l/" Pufeet, (3.3)

The calculations that have been

presented are quite tentative and

make it possible to evaluate the

magnitude of émi only in approxi-

n
mate terms.

In the second case, the cal-
Fig. 3.7. For the determina-

tion of stresses due to pres- culation diagram is that of a thin-
sure (pn).

walled vessel under the action of
internal pressure (pn). Under this pressure, circumferential stresses
Og are developed in the wall, and these are determined in accordance
with Fig. 3.7 by the following relationship

o) dou d. a
R T (3:4)

The condition of preservation of structural strength
°|==-:— 9,

where Op 1s the ultimate strength, makes it possible to define the
minimum wall thickness which will guarantee body strength with a

safety factor { as
L]
2 (3.5)
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or in terms of missile callber

pme

= o]

(3.5")

In the more general case, it is not immediately clear which
of the loads — the "pressing" weight of the metal or the pressure
due to the equipment — may be the factor responsible for missile
destruction. Here we must analyze the complex stressed state with
active stresses, determined by the following relationships:

o =22 P; Raa H
(4

™ ]

-+ (#—db) ]

P )L (3.6)

a

optt== —(pn),

where O 1s the radial stress, and the minimum wall thickness must

be determined on the basis of the so-called equivalent stress. How-

ever, the requirement which calls for the consideration of all

three stresses in the tentative selection of émi occurs compara-

n
tively seldom, so that the problem need not be considered in greater
detail.

We can see from Formulas (3.3) and (3.5) that we must know the
magnitude of the rated (theoretical) overload for the calculation

of ém and we must be able to calculate the pressure due to the

in
equipment.

With respect to pn, the physical nature of this pressure 1is
such that it represents the lateral component of the axial stress
developed in the elastic-plastic column of explosives on missile
impact against the obstacle. The magnitude of pn could be calculated

as follows:

- - Kn_ Pon .
('pn) ‘—_J'T(e,),, T-'TT.?:' (3.7)
' Y
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where P; 1s the welght of the column of explosives above the cross
section under consideration; Pin 1s the inertial weight of this
column of explosives; pu 1s the Poisson coefficient; K is the coef-
ficient by means of which we take into consideration the dynamics
of load applications on impact as well as certain secondary effects
of the phenomenon.
However, there are no rellable values for the constant K,

and in practical calculations it 1s impossible to employ Relation-
ship (3.7). At the present time, the practice is to calculate pn
by using the seml-empirical calculation relationshlps of the follow-
ing type:

(pn)=k, (h, - kAR) B. (3.8)

U
where hts

above the cross sectlon AA; Ah is the height of the additional

is the height of the cylindrical part of the body (frame)

noncylindrical volumes in the upper part of the cavity containing
the explosives;ig is the overload factor; kl, k2 are the experi-

mental coeffilcients.

Calculation of Maximum Overload Acting on Missile on Impact Against

Obstacle

The overload is denoted by the number n which indicates the
factor by which the mass forces are increased 1n the case of their
dynamic application in comparison with thelr magnitude under static

conditions.
P,

Per | (3.9)

If we assume that the mass of the body remains constant in

the phenomena under consideration, from (3.9) we will obtain

! 4

where a is the acceleration which, in this case, characterizes the
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dynamics of force application; g is the acceleration of gravity.
Hence, it 1s absolutely necessary to know how the missile is

decelerated in 1ts penetration into the obstacle for purposes of

calculating the overload, 1.e., to determine the relationship

a = a(t) or at least to be able to calculate the quantity a

max’
If we hold that the entire klnetlc energy

E[ = m——;”i =q‘;.‘:!'

where mp = qp/g, which the missile possesses at the instant of im-
pact against the obstacle, 1s expended only on overcoming the re-
sistance of the medium belng penetrated, the energy balance can be
determined in the following form

ﬂ:.__,q'

2 conp?

where Asopr 1s the total work of the forces of obstacle resistance.
We can assume in tentative calculations that the resistance
force changes linearly from some Rmax to zero as the misslle pene-

trates deeper into the obstacle, so that
1, 1
Amp='? k-nlq=—2- M-u‘-r

Now we wlll have

or
"
be' (3.10)
after which Nax is defined as
%
- 10!
= (3.10')

where Vi is the missile velocity at the instant of impact against

the obstacle; lp

penetrate into the obstacle, 1f all of the kinetic energy or the
- 64 -
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missile were expended on the overcoming of the resistance forces.

The short-term effect of maximum overload produces a calcula-

tion factor

Mpace™tn Maai, (3.11)
where cp < 1 is the coefficlient by means of which we take into
consideration the impact conditions and certain structural fea-
tures of the warhead.

With respect to the quantity lpr it should be stated that at
the present time there are several empirical formulas which allow
us to calculate this characteristic with sufficlent accuracy for
a preliminary analysis.

Of these formulas, the most wldespread are the followling.

1. The Berezanskly formula

ly=k, L2 o, (3.12)
where lpr is the depth of penetration, 1in m; qp is the welght of
the missile at the instant of impact against the obstacle (the
passive weight of the missile), in kg; d is the caliber of the
missile, in m; Ve is the velocity of the misslle at the 1lnstant
of impact, in m/sec; A 1s the coefficient of missile shape; A
equals 1.0 for missiles exhibiting an ogive curve having a helght
of

A, < 1,54;
A equals 1.3 for missiles exhiblting an ogive curve having a height
of

Aoy 5 2,5d;
k_ 1s the coefficient of penetration whose magnitude 1s determined

P
by the properties of the obstacle (see Table 3.1).
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TABLE 3.1
The Berezanskly Coefficlents of Penetration (kp)

1) Tua nperpasu Ay
)moruu! TPANNT N rPANMTNME NOPORM; OveMh kpemxuf 1,6-10—8
sccnauux N H3BOCTMSK
OSuxuossunsll neceanux u Kasac ‘ .
Qbuxuoseunu sacTHAK; mecvauul x rane 3,0-10~-¢
Marxufl casuen; nssecrux; Mepsaul rpynr 4,5-10~¢
; UleGenncru rpynr; orsepacsmas rayma 4,5.10-¢
Taoruan rauna; xpenxult nanoc; N .
Ao u&e ] 7 JeMas, CMemaNNa% C Kau 5,0-10-¢
) 3emas aaoruas; obuxuoseuuwd pacruvessuuft rpywr 8,5.-10~¢
} Bosotucras nowss; Moxpuh rausscrud rpysr 10,0-10—¢
¥esesoberon _ o 0,9-10—¢
1Q]) Beron (uementmo-rpamnraufl) - 1.3.10~¢
1 Knupnnusas xasaxs ua uesente; Gyaiaxmas xsagxa 2,5-10-¢

1) Type of obstacle; 2) dense granite and
granite rocks; extremely strong sandstone
and limestone; 3) conventional sandstone

and limestone; sandy and argillaceous shales;
4) soft shale; limestone; frozen soil;

5) gravely soil; hardened clay; 6) thick
clay; heavy alluvial deposits; dirt mixed
with rock; moist sand; 7) packed earth; con-
ventional planting soil; 8? swampy soil;

wet clay soil; 9) reinforced concrete; 10)
concrete (cement-granite); 11) stacked bricks
on cement; cobblestone construction.

2. The Petri formula

ly=L2s (00, (3.13)
where lpr is the depth of penetration, in m; qp is the welght of

the missile at the instant of impact against a; obstacle, in kg;

d is the caliber of the missile, 1in cm; &E is the coefficient of

obstacle properties (see Table 3.2); f(vé} is the function of im-
pact velocity (see Table 3.3).

In addition to Formulas (3.12) and (3.13), we may also en-
counter in the literature relationships that are of the same type
as those proposed in his time by Ponsele [sic], Val'ye [sic],
Vuich [sic], Zabudskiy, Peres [sic], Nobile [sic], and other in-
vestigators. There 1s no basic difference between these formulas,
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TABLE 3.2
Coefficients Xp of Obstacle

Properties for the Petrl Pene-

tration Formulas

1) Tua nperpazu 1a

Cxaxa mssecTxosas * 0.8
Kauennas xasaxa 0.9
Beron cpeanero xavecrss 0,64
Kupnnsuan xsaaxa 1,6
Necvanul rpynr - 2,94
)Seun € PaCcTHTEAMHEIN NOKPOBOM 3,86
)Mmml ranuncTufl rpyur 5,87

1) Type of obstacle; 2) lime-
stone rock; 3) rock pile;
medium-qualit¥ concrete;

5) brick pile; 6) sandy soil;
7) ground with seed cover;

8) soft clay soil.

Fin(e)

and the apparent difference only in-
dicates the individual approach of
each of the investigators to the
solution of the posed problem. As
an example, we will cite the Nobile
formula.

by =3t kyFa m, (3.14)

where Py = qp/(ﬂde/u) 1s the lateral

’

load, in kg/cm2 A is the coefficient

of shape; A = 1 for pointed missiles;
A

1.5 for blunt missiles; kN is

the coefficient of medium properties;

is the coefficlent of impact velocity for solld obstacles and

soils (according to the subscripts).

TABLE 3.3

Values of the Velocity Function f(vk) for the Petri Pene-

tration Formulas

1) Maaue cxopoctn yaspa
o |4 [ 60| 8 [100 {120 [140 {100 |19 [200 | 200
Aoy |03 072|121 1,76 2,9 | 2,07 2,88 | 4,18 | 477 | 5,34
2) Cpaxxme cxopocrs yaspa
o %0 m" 200 300 | 320 | 340 |30 |30 | 400
so0 |86 |692]7.90]7.67| 831 )824]0,18] 0.6 |02

1) Low impact velocities; 2) average impact velocities.

On the basis of the terms and coefficients, Formula (3.14) 1s

coo-
v

similar to Relationships (3.12) and (3.13), which we examined in

detall and which were selected as the basic relationships because

the coefficients in these formulas were determined in greatest de-
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tail and the greatest quantity of experimental material was general-

1zed 1In their derivation.

Evaluation of Missile Effectiveness at the Target

The combat effectiveness of a demolition missile against an
obstacle 1s measured in terms of the destruction of thils obstacle
by the gaseous products of the exploding charge and the fragments
of the warhead shell. It has been established in practice that the
basic destructive factors of a demolition explosion are the explo-
slon shock wave, the stream of fragments, and the seismic effect
of the explosion.

Under combat condltions, the
force of a demolition missile is

evaluated 1n terms of the combined

destructive effect of all three

factors, and in this case the depth

Fig. 3.8. Theoretical dimen- of the crater that is formed in

sions of the crater formed in
the soll on the explosion of
a missile at a depth h. 1)
Soil thrown out. -

the ground as a result of the ex-
plosion (Fig. 3.8) is generally
taken as the standard measure of
comparative explosion force.

In a tentative determination of the effectiveness of a demo-
lition missile, the characteristic depth H (in m) can be evaluated

in accordance with the following emperical formula:

Heat 1/ P2 (3.15)

where k&z 1s some coefficient which characterizes the extent to
which the obstacle yields to the action of the explosion; C is the
coefficlent which characterizes the effect of the depth h, inm, of

missile explosion on the effectiveness of explosion; P, 1s the
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welight of the combat charge, or it 1is possible to use an even

simpler relatlonship

H~ Py (3.15')

where the coefficient C' 1s employed to take ito consideration the
features of the obstacle and the effect of charge explosion at
various depths; the numerical values of this coefficient are pre-

sented 1n Table 3.4.

TABLE 3.4
Values of the Coefficient C!
1) Tun nperpazu 2)3uueuue xosdpunuenra C’
“ h<09 » 8,0
B') Kamcnnas kaanka; | Aao L5 4,0
TOH; CKaaa; 2020 3,5
u’h h>20 u 3.0
le6un u necaasnme nacnnn 1,0 (cpeanee 3navenue) 7)
g(dwmue TPyHTH 0,7 (cpeanee 3naqeune)
cacaobeton 8,0

1) Type of obstacle; 2) value of the coefficient C';

3) rock pile; concrete; rock; 4) gravel and loose
mounds; 5) conventional soils; 6) reinforced concrete;
7) average value.

If the explosion takes place directly at the surface of the
obstacle, all other conditions belng equal, the formed crater will
be smaller; the depth of such a crater is generally estimated in
accordance with the following formula:

H=k. VP, =k, (3.16)
where ké; 1s some coefficlent similar to the coefficient k&z in

Formula (3.15) (see Table 3.5); is the coordinate of the

hts.t
center of gravity of the missile warhead at the instant of explo-
sion with respect to the surface of the obstacle (Fig. 3.9) (more
exactly, this 1s not the coordinate of the center of warhead gravity,

but the corresponding coordinate of the explosive charge).

- 69 -



TABLE 3.5
Values of the Coefficient ksz.

)
1) Tun nperpansi 2 3"'::::::0,"3.-'

3 Benan puxias 0.6

I} Pemas ¢ necxou m rpasmen 0,56

D JO6uxnosennui rpynt 0.5

b Naotuul wncruit necox 0,48

7 Bemas, cuemannas ¢ xaunem 0.5

B Yxana uasecrusxonas . 0,23

O peron 0,178
LOéeuaoOetol - 0,13

1) Type of obstacle; 2) value of the
coefficient ki, ; 3) mellow soil; 4) soil

with sand and gravel; 5) conventional
soil; 6) packed pure sand; 7) soil mixed
with stones; 8) limestone rock; 9) con-
crete; 10) reinforced concrete.

It has been demonstrated 1in
practice that the maximum explosive
effect (the dimensions of the
crater formed in the soil) are ob-

talned 1f the explosion takes place

at a depth, which for a missile

Fig. 3.9. Determination of the carryilng an explosive charge welgh-

coordinates of hts £ when

using the calculation Formula
.16). )

(3.16) Roey=(0,85+0,96) V7% m, (3.17)

With missile explosion at any depth, direct destruction due

ing P, kg, amounts to approximately

to the explosion i1s noted over a certaln region with a limit radius
Rr which originates at the point of explosion and 1s determined by
the relationship
3
Rk VP,
where kr is the coefficlient whose numerical values for various ob-

stacles are presented in Table 3.6.
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This area is referred to as the region of destruction or the
sphere of destruction. In addition to the sphere of destruction,
there are also the so-called spheres of compression and percussion,
in an explosion, which are characterized by the presence of certain
characteristic deformations in the obstacle. If the missile pene-
trates into the obstacle to the following depth

h> Ry,
the explosion does not expose the entire thickness of the obstacle
but rather a so-called camouflet 1is formed. In the case of a camou-
flet, the effect of the destructive shock wave and the fragments
goes virtually unused, but the seismic effect of the explosion is

at 1ts maximum.

TABLE 3.6
Values of the Coefficient kr'
V NaYeNNe XO e
1)Thn operpoau m,",;:’
PBemas puzass ) 1.4 .
Obuxsosennull rpynr 1.07
o ) 1,0-1,04
ANN3 C POCKOM 0,96
JCTHAR N NOCSANRK 092
)lbumlu XZAAKA 0,84
Beron * on"
1 ] ¥eaes06eron 0,6—-0.7

1 e of obstacle; value of
tgengefficient kr;’3§)mellow soil;

4; conventional soil; 5) sand;

6) clay with sand; 7) limestone and
sandstone; 8) stone pile; 9) con-
crete; 105 reinforced concrete.

Selection of Explosive. Calculation of Time of Delayed Action Assur-
ing Maximum Missile Effectiveness

Demolition warheads are made with two types of nose or side
fuses — an impact (instantaneous) fuse and an inertial (delayed-
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action) fuse, the latter delaying the explosion somewhat.

Impact (contact) fuses are used for thin-walled warheads, and
these are characterized by the highest possibie £111 factors and
relatively low strength. Causing the missile to detonate at the sur-
' face of the obstacle, such fuses predetermine the application of
the effect of the explosion shock wave as the basic destructive
factor of the explosion.

In the case of delayed-action fuses, the explosion takes place
at some depth and its destructive effect is determined not only by
the shock-wave parameters but by the selsmic effect of the explosion
as well. The baslc problem that arises in the selection of a delayed-
action fuse 1s the one relating to the matter of obtaining a delay
in the exploslion such that the effect of missile explosion will be
the maximum. Bearing in mind the existence of an optimum depth of

explosion h g Wwe have the problem of determining the optimum

op
delay and this can be reduced to the calculation of the time re-
quired for the missile to penetrate to a depth hopt' In thils case,
if we assume that the motion of the missile in the obstacle, in
first approximation, 1s decelerated uniformly, we can use the
following well-known relationship for uniformly decelerated motion

for purposes of calculation:

ot -2,
from which it 1s easy to obtain t = t(1) in the following form:
hrfiiftv/gg::gé.
If we bear in mind that in our denotations
Oo=Un,

and

F

sing '
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and that in accordance with Formula
(3.10) and the assumption of uniform
missile deceleration, the following

equation will be valid

%
a,, -27;. ;

and we will obtain

Fig. 3.10. For the determina- fha= i‘/ 4"0-"»
tion of the optimum delay time = _?£ Teinen
for a delayed-actlon fuse.

whence the final calculatlon relation-

shilp for the estimation of optimum fuse delay time Topt is determined

as follows:

lil/l-—l"m.) (3.18)

Here lpr 1s the total depth of penetration which is calculated
for the given missile in accordance with Formulas (3.12) or (3.13);

v is the veloclty of the misslle at the instant of impact with the

k

obstacle; h is the optimum depth at which the fuse of the given

opt
missile should be actuated; a 1s the angle at which the missile
strikes the target.

The T found in this manner is qulte tentative and 1s re-

opt
fined finally in accordance with the results obtained in test firings
of a control group of missiles.

If there is a discussion in the tactical-technical require-
ments of the type of fuse involving a certain definite delay or if
the fuse type has been selected on the basis of some special con-
siderations, then the depth h at which the initiation of the fuse
and the explosion will take place under conditions of combat appli-
cation of the missile against any given obstacle can be determined

(estimated) on the basis of the relationships presented above. The
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following will be the corresponding calculation relationship:

la-(v,r—%g)un-. (3.19)

where T is the delay time of the fuse being employed (the remaining
denotations are the same as before).

It is precisely on the basis of the numerical value of this
depth that we should seek in tables the coefficlent C! of depth of

explosion that 1s required for the application of the following

' —
H-:k'.V-’;?..

by means of which we can estimate the comparative effectiveness of

formula

the warhead being designed.

It should be stressed that in order to obtaln maximum combat
effectiveness of the 1ltem belng designed, the selectlon of the fuse
must be without fault and, in particular, the fuse itself must
assure a delay which will guarantee the initlation of the fuse at

the optimum depth.

§ 2. FRAGMENTATION WARHEAD

Basic Structural Characteristics of Fragmentation and Fragmentation-
Demolition Warheads

Fragmentation missiles are lntended for firing against air and
ground targets, 1ncluding combat equipment and the enemy's combat
forces. In accordance with the designation of fragmentation missiles,
the basic requirements imposed on these can be reduced to the obtain-
ing of the maximum quantity of lethal fragments and the maximum
possible effective fragment (shrapnel) range.

As a rule, a fragmentation warhead must have a rather thick-

walled shell and only sufficient explosive material in order to

- 74 -



fragment the shell into the lethal fragments as well as to impart
the requlred initial veloclity to these pleces of shrapnel.
A fragmentatlon warhead 1s characterized by the following
structural parameters:
1) a relative warhead length which, for example, for the M8
missile amounts to
Ih,=214;
2) a relative wall thickness for the warhead body
‘8¢,=-:?d (M8, USSR);
3) the fill factor
n=~s15%;
4) the coefficlents k  and k, of relative weight, where on

the average

6.0
%zG.O kg/dm3,

h=Eex10 kg/dm3.

k=

Fragmentation-demolition missiles are intended to produce shell
fragments In attacks agalnst an enemy's combat forces and equipment,
as well as to produce the destructive force of a shock wave whose
action can be directed against defense installations. In terms of
combat and design parameters, warheads of fragmentation-demolition
missiles are classified in some intermedlate position between frag-
mentation and demolition missiles.

The parameters of a typical fragmentation-demolition warhead
of a solld-propellant rocket missile have the followlng values:

1) a relative warhead length

li=35d (M13, USSR);
2) a relative wall thickness

To=a? (M3, USSR);
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3) a fill factor n = 25%;

4) coefficients of relative missile and equipment weight

ko~80 kg/dm3,
k.~20kg/dm3.

Selection of Shape for Fragmentatlon Warhead

The body shape of a fragmentation warhead 1s selected on the
basis of the conditions required to provide for uniform fragmenta-
tion of the entire shell into the smallest possible (minimum weight)
lethal fragments. Fragments in thls case are regarded lethal 1f
they are capable at a given distance to take out of action some pro-
posed target or to damage the vital parts of unarmored combat equip-
ment .

On the basis of exlsting information it is possible, to re-
gard as lethal a fragment which exhibits a kinetic energy of the
order of 10 kg/m, weighing no less than 5-10 g, at the instant of
contact with the target.

In addition to the basic requirement with respect to the shape
of a fragmentation warhead — uniformity of shell fragmentation —
i1t should also be borne in mind during the design stage that the
shape must correspond to the adopted structural assembly of the
missile and the shape must provide for convenlent assembly of the
individual missile units.

From the standpoint of fragmentation uniformity it 1s neces-
sary to begin with a shape which will provide for symmetry in the
stressed state over the entire warhead surface. The most suitable
shape, from this standpoint, 1s the spherical or cylindrical shape
given the condition that the initliation of the explosion takes place
from the center of the warhead or along the warhead's axis of
symmetry.

- 76 -



The requirements associated with the assembly of the missile
are presented as optimum from the standpoint of the shape of the
ogive curve or the cylinder.

It follows from what has been sald above that, all other con-
ditions being equal, the basic premise for the design of fragmenta-
tion armament (missiles) must be a cylindrical warhead made in the
form of a fixed-thlickness shell having a system of central axial
initiation. On the one hand, in thils case the fragmentation warhead
1s relatively simple and lends itself to production, and on the
other hand, it is the most powerful warhead.

However, for example, mlsslles of standard configuration as
a rule cannot be made with a warhead of thils type. In fact, the
need for a special ballistic cowling in the case of a cylindrical
warhead on a missile of conventional configuration substantially
increases the length of the foward part of the mlsslle whille
virtually not changling the position of the mlsslle center of gravity,
thus reducing the stability of the missile 1in flight,

A spherical warhead has not yet come into practical use be-
cause of extreme difficulties in mounting such a shape on any of
the possible structural missile conflgurations,

Designs for Fragmentation Warheads whlch willl Provide for Shell
Fragmentation into a Glven Quantity of Fragments

In the explosion of conventional fragmentatlon warheads a cer-
tain quantity of nonuniform (with respect to weight) fragments are
formed, and of these only some are capable of inflicting actual
damage. It has been established that of the total welght of warhead
body metal up to 30-40% is expended on the formation of small frag-
ments which do not possess sufficient energy to damage the target,
_1.e., in actual fact these fragments are useless from the stand-
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point of effectiveness in damaging the target. Moreover, a group
of major fragments 1s formed in the explosion and these possess
energy that 1s in excess of that required for the given target.
As a result, only a comparatively small part of the metal of the
missile shell 1s employed usefully.

The presence of fragments exhiblting ilnadequate or excessive
energy for the damaging of a glven target reduce the number of optimum
lethal fragments, l.e., the combat effectiveness of the missile.
The effectiveness of fragmentation warheads can be increased sub-
stantially by the forced fragmentation of the shell into a given
quantity of fragments of required welight.

Dttty

G4

Fig. 3.11. Fragmentatlon war- © Fig. 3.12. Fragmentation war-
head with rectangular notched head with rhombic notched grid.
grid.

The attempts to control the destructlion of the warhead so as
to obtain the greatest possible quantity of lethal fragments of
minimum weight were undertaken as far back as the 1870's — 1880's.
However, missile designs at that time were so cumbersome and un-
reliable that they found no practical application. The first suit-
able solutions to the problem of shell fragmentatlon into a given
quantity of fragments of given welght appeared very much later.

Let us examine some of the warhead configurations which provide
the given shell fragmentation.

Figure 3.11 shows a warhead which, generally speakling, can be

fabricated in some other shape, depending on the assembly of the



units in the adopted structural configuration of the missile; this
particular warhead 1ls distingulshed by the fact that a grid of
speclal notches has been cut into its surface. These notches are
stress concentrators and denote the sections into which the shell
willl be fragmented on explosion. Experimental explosions have
shown, however, that the notched grld shown in Flg. 3.11 does not
produce reliable shell fragmentation along the notch lines, since
there 1s generally no exploslon along the lateral notches,

The fragmentation can be stabllized 1f the notched grid is
cut into the surface of the missile at a certaln angle to the axls
of the cylinder (a rhombic notched grid), as shown in Fig. 3.12.
The angle of inclination of the notched lines 1s a function of cer-
tain structural parameters and the characteristics of the warhead
material; this angle can be calculated 1n each specific case., The
magnitude of this angle 1s a fungtion of the diameter of the missile
body and 1s constant therefore only for the cylindrical part of the
warhead; in the case of the oglve-curve section, the angle of in-
clination of the notched line changes continuously so that the line
itself becomes a complex hellcal curve of varlable pitch.

If the warhead of a fragmentation missile is designed in the
shape of a straight-line cylinder, the telescope assembly of two
tubes with an assured tension will prove to be an extremely effec-
tive design. Rhombic notchg? grids are cut into the inner surface
of the outer tube and the outer surface of the inner tube, the lines
of these grids coinciding with each other. We can also cite, for
example, such other highly effective missile desligns as the pre-

fabricated-cemented warheads and certain others.

Calculation of the Parameters of the Fragmentation Actlon of a Missile

The mechanism of warhead-shell fragmentation in the case of an
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explosion 1is an extremely complex phenomenon whose theoretical study
1s made even more complicated by the fact that during the course
of the basic processes there arise certain factors which have a
substantial effect but do not lend themselves to rigorous examina-
tion. Nevertheless, as far back as the last century various investi-
gators have made attempts to derive calculation formulas by means of
which 1t would have been possible, for example, to calculate the
number of fragments formed. Of these investigators we should mention,
first of all, Yustrov and Yulovskiy. In thelr work on the problem of
misslile-shell fragmentation into a given number of fragments, and
they did this work independently of each other, they came to the
conclusion that the following misslle parameters affect the process
of fragmentation and determine, in the flnal analysls, the number of
fragments formed:

— missile weight and callber,

— welght of bursting charge and characteristics of explosive
material,

— mechanical characteristics of the metal used in the shell,

— angle of missile impact against the obstacle,

— type and characteristics of fuse, etc.

Of all the calculation relationships the simplest and yet the
most rellable 1s the formula proposed by Yustrov, which determines
the relationship between the number of fragments and the basic

parameters of the warhead in the following form:

=y 2 L +0.5 Py
Nt 10 (3.20)

where N 1s the number of fragments that are formed on the explosion
of the warhead; OpR is the coefficlent whose magnitude 1is a function
of the properties of the explosive (BB) used &s the bursting charge
(for TNT a = 46); P, is the weight of the explosive charge, in kg;
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d is the callber of the warhead in cm; % 1s the ultimate strength
of the material, in kg/mm°; o, 1s the elasticity limit, in kg/mm?;

¢ 1s the elongation on explosion, in %; X 1s the total structural
parameter which determines the fragmentation capaclty of the mis-
sile, and has the followlng average values for warheads with various

£111 factors n:

X = 1.8 (at n = 7%),
X=1.5 (at n = 10%),
X = 1.4 (at n = 15%).

Formula (3.20) can be used to determine only the total number
of fragments, without belng able to determine the number of lethal
fragments, and thls 1is, for all intents and purposes, less signifi-
cant , ¥

A more exact determination of the total quantity of fragments
formed on the explosion of any given warhead, and the determination
of the distribution spectrum with respect to mass, can be obtained
only on the ﬁasis of statistical data produced in the explosion,
in an explosion test pit, of a experimental models of the warhead

being designed (see Chapter 7).

A
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a)
Fig. 3.13. Diagram of fragment scatter-

ing on warhead explosion. a) Plane dia-
gram; b) three-dimensional diagram.

On the explosion of the missile, the fragments are scattered
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in space in a nonuniform manner. The nature of this disperslon cor-
responds approximately to the diagram shown in Fig. 3.13. In the
final analysis, the actual number of effective lethal fragments
must be determined on the basis of a consideration of the features
exhibited by the actual scattering of the fragments.

An important parameter which affects the lethal nature of a
fragment and which determines the maximum distance over which the
fragment preserves 1lts lethal characteristics is the initlal velo-
city of the fragment. This veloclty 1s a function of a number of
warhead parameters (the fill factor, the rate of explosive detona-
tion, the shape of the warhead, etc.); on the average, this velocity
amounts to 1000-2000 m/sec and 1s selected as a function of the
speciflic conditions of misslle application. It is possible, for
example, to estimate the maximum velocity of the fragment at the

point of explosion on the basis of the following formula:

DCﬁl/_Al_P%‘—P-
o™=y 15 P, " (3.21)
where D is the rate of =xplosive detonation, in m/sec; (Pg'ch - P,)

1s the welght of the missile shell, in kg; P, 1s the welght of the
explosives, in kg, or on the basls of other calculation relation-
ships by means of which we can take into consideration the structural
features of each warhead version through the use of a system of

correction factors.

Effectiveness of Fragmentation Missile at the Target

Proximity tubes (fuses) of various designs, which initiate the
warhead at some determined point along the trajectory, are the most
expedient for fragmentation missiles, depending on the designation
and the features of tactical application. Only with the use of such

initlation devices at the target will 1t be possible to achieve the
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effect of the maximum quantity of fragments formed at the instant of
explosion, and only 1in this way willl the greatest effectiveness of
the warhead be obtained.

In addition to proximity fuses, ;ragmentation missiles fre-
quently employ conventional impact fuses of instantaneous action.
The utilization of such fuses reduces somewhat the effect of the
fragmentation action, since some of the fragments penetrate, for
example, into the surface of the earth on explosion. However, because
of the simplicity of design in the case of conventional fuses and
the difficulties encountered in the initilation of proximity fuses,
in a number of countries impact fuses are still employed in the
design of fragmentation missiles.

In recent times we have noted a tendency abroad to use such
noncontact devices as radar fuses which are connected to the control
equipment or the self-guidance apparatus of the missile; fuses of
this type make it pocsslible to initiate the missile at the most
favorable missile position with respect to the target.

The quantitative measure of the effectiveness of a fragmenta-
tion missile is the so-called radlius of contlnuous target damage
and the magnitude of this radlus 1s determined experimentally in
each case by experimental explosions of warheads around targets.

The assumption is that within the limits of the clrcle having the
radius of continuous damage the probabllity of damaging the target
must be 100%. In addition to this circle, the areas in which the
probability of target damage amounts to 75, 50%, etc., are also ex-
amined, characterlzing these areas with radil that correspond to

the probability of damage. The radilal values of the determined
probability of target damage (destruction) serve as a detailed
characteristic of the combat effectlveness of a fragmentation missile.
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§ 3. HOLLOW-CHARGE WARHEAD

The Effect of a Hollow Charge and Its Application in the Case of
Armor-Plercing Missiles

Among the fleld rocket missiles used for short-range purposes,
the so-called hollow-charge reactlon-thrust shells have become
quite popular. The hollow-charge shells are an effective means of
destroying armor-plated vehicles and tanks; in this case, an impor-
tant advantage of missiles of this type 1s the fact that they ex-
hibit not only high armor-piercing characterlistics, but that the
smallest combat units of an army, down to an individual infantryman,

can be equipped with corresponding reaction-thrust systems.

Fig. 3.14. The effect of an ex- Fig. 3.15. The effect of an ex-

plosion of a charge on an armor plosion of a hollow charge on an
plate of conventional shape. armor plate. a) Prior to the

a) Prior to the explosion; b) explosion; b) after the explo-
after the explosion; Dp and sion; Dp and Hp) the diameter
Hp) the dlameter and helght of and height of the detonating

the detonating charge; A) the charge; Dp and hv) the diameter

depth of the indentation (crater). and depth of the funnel.

The effect of the hollow-charge shell at a target 1s based on
the utilization of the so-called "cumulative" effect of an explo-
sion, and this effect conslsts in the followlng.

If a conventional detonating charge is exploded at the surface
of an armor plate, a shell-like (conchoidal) indentation 1is produced
in the plate (Fig. 3.14). The depth of this indentation is a func-
tion of the quantity of charge and the brisance properties of the

explosive; as a rule, the brisance 1s generally not too great. The
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depth of the indentation can be increased substantially if the
same detonation charge 1is exploded, but i1f a funnel of specified
shape 1s drilled into the charge.

Finally, we can select the shape and dimensions of the funnel
So as to penetrate the entire plate (Fig. 3.15) with the original
quantity of explosive materlal.

In the latter case, as a result of the particular properties
of the funnel in the grain, the energy of the explosion is redis-
tributed so that the greater part of the energy 1s concentrated
in the so-called "cumulative" stream and will be directed along the
axls of the funnel to the surface of the obstacle. It 1s precisely
in this that we find the "cumulative" effect of the explosion.

A study of the "cumulative" effect has shown that the basic
factors which affect the effectiveness of armor plercing are the
following:

— the dimensions and shape of the hollow-charge funnel,

— the material used for the facing of the inside of the hollow-
charge funnel,

— the distance from the outer edge of the funnel to the obstacle
at the instant of exploslon, and certain other factors.

The optimum shapes of the hollow charge, as a rule, are qulte
complex from the standpoint of fabrication; therefore, it is but
rarely that hollow-charge shells are used in actual models; the
most popular practical funnel shapes are cones and spheres.

Experiments have demonstrated that, all other conditions being
equal; the armor-plercing effect increases noticeably 1f the inner
surface of the funnel is coated with a thin layer of some facing
materlal; in thils case, the 1lncrease 1n charge effectiveness 1is a
function of the material selected for the facing and the thickness
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Fig. 3.16. The nature of the relationship
between the "cumulative" effect and dis-
tance at the instant of explosion between
the outer edge of the funnel and the ob-
stacle. H', H ., and H") the depths of

the indentations; Dp and Hp) the diameter

and height of the detonating charge; h,
h', and hopt) the distances between the

outer edge of the funnel and the obstacle,.
of the coatlng layer. Of all the tested facing materials, copper and
zinc alloys proved to be the best; other metals (iron, aluminum)
have less of an effect on the effectiveness of the "cumulative"
explosion.

An investigation of the armor-plercing capability as a function
of the distance (at the instant of explosion) between the outer edge
of the funnel and the obstacle has shown that 1in each case there is
some optimum distance which will produce the maximum effect, on
initiation, at the target (Fig. 3.16). This distance 1is generally
referred to as the focal distance and it is regarded as a baslic
parameter of the funnel.

Tentative Determination of the Dimensions of the Hollow Charge Which
Will Ensure the Penetration of an Obstacle of Given Thickness

The "cumulative" effect in armament is used by imparting to the
grain a certain configuration which includes the "cumulative" funnel
as one of 1its elements. In all other respects, the hollow-charge

warhead shows no differences from missiles of other classes.
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The design of hollow grains is based on the conclusions drawn
from the theory of the armor-piercing effect of the "cumulative"
stream, sald conclusions first derived by the Academician L.M.
Lavrent 'yev. He established, for example, that it 1s not the entire
"eumulative"” stream, but only some part of it, that exhiblts armor-
plercing capacity; that part of the "cumulative" stream is referred
to as the effective length lef of the stream. The quantity lef is
primarily a function of the dimensions and shape of the funnel and,
moreover, of the materlal used to face the funnel and the parameters
of the grain., The depth of armor piercing i1s essentially a function

of the parameter l.p of the "cumulative" stream,

£
In designling a hollow-charge warhead it becomes necessary to
seek the optimum funnel with respect to the depth of complete ob-
stacle penetration as stipulated 1n the tactical-technlcal require-
ments. This problem is resolved on the baslis of extensive experi-
mentation and the utilizatlon of statistical data for the explosions
of various hollow gralns. The followlng extremely tentative relation-

ships may be useful.

1. The dlameter of the hollow-charge funnel is, on the average,
-1
‘Dl"";'."b-w

where bmax 1s the thickness of the given obstacle which must be
penetrated; ne is the coefficient that is a function of the funnel
shape.

2. The diameter of the plerced hole generally does not exceed

dup = (0,05+0,3) D,.

3. For each type of funnel there exists a certain optimum
height hv of funnel cupola that 1s equal to 0.5 Dv for semispheri-
cal holes (1.0-1.5) and D, for conic holes.
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Flg. 3.17. An example of a design of a hollow-
charge shell.

4, A layer of explosive, whose helght does not exceed 0.5-

0.8 D, (above the apex of the funnel) participates in the shaping
of the "cumulative" stream. In this case, any further increase in
the helght of the column, and consequently, in the weight of the
exploslve charge, without a corresponding change in the dimensions
of the funnel, produces no lncreased effectiveness for the hollow
graln and is therefore lnexpedlent.

Figure 3.17 shows an example of one of the designs of German
hollow-charge shells used during the Great Fatherland War. We can
see from the figure that the rocket part of the shell 1s basically
like the rocket parts used in conventional finned field rocket
misslles. However, the warhead 1s unique. It consists of a body of
deflnite shape, stamped from sheet metal, and fllled with explosive
in addition to certain additional design elements which provide for
the normal functioning of the shell — primarlily an exploslve train
(chain) and the hollow of the charge. The sensing element of the
fuse is extended beyond the outer edge of the grain to a special
ballistic cowling so that the explosion, on contact with an obstacle,
takes place at distances close to the optimum. It should be borne
in mind that since the velocity of the hollow-charge shells in flight
is, as a rule, not great (80-100 m/sec), the shape of the warhead
has virtually no effect on the ballistic characteristics of the mis-

i sille; this makes 1t possible to neglect thg requirements of aero-

dynamics in the design of the warhead and to base the design exclusively
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on the concepts that are associated with the required operating con-
ditions of the explosive chain and the hollow charge.

As has already been pointed out, the rocket part of a hollow-
charge shell 1s designed 1n the same manner as for other rocket mis-
siles. We should mention the one interesting feature of manual
hollow-charge cartridges having an effective range of up to 100 m.
This feature consists in the fact that the rocket engilne of such a
cartridge generally functlons on black powder. This 1s explained
by the requirement of absolute rellabillity for this weapon and the
need, in this connection, to provlde for constancy of the physico-
chemical and ballistic parameters of the powder, which 1is difficult

to obtain when rocket solld propellants are used.
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Chapter 4
ELEMENTS OF THE INTERIOR BALLISTICS OF
A SOLID-PROPELLANT ROCKET ENGINE

§1. SOME INFORMATION ON THE SOLID PROPELLANTS (POWDERS) USED IN ROCKET
ENGINES

Composition of Rocket Powders

Smokeless (colloidal) powders. At the present time, the so-called

smokeless or colloidal powders have become most popular for use as
solld propellants for rocket englnes. Colloldal powders are a solld
solution of a fuel (combustible) based on an oxidizer, with special
additives.

The fuel (combustible) base of the smokeless powders 1s a nitro-
cellulose of the pyroxylin type which 1s capable of belng gelatinized
in certaln substances which contaln a high percentage of active oxygen,
thus producing a colloidal solutlon. On the coollng of such a solution,
a plastic powder mass 1s obtained, and thils mass lends 1ltself easlily
to extrusion into grains that are then used as elements of the powder
charge (grain) of the engine. In industrial production, nitrocellulose
is obtained as a product 1n the treatment with concentrated nitric
acld of cellulose contained in wood (50-60%), cotton (90-93%), flax,
straw, and certain other forms of raw material. For the fabrication of
rocket powders, the most lmportant nitrogen contents of nitrocellulose
are the following:

11.5-12.0% N — collodion
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13.0-13.5% N — pyroxylin No. 1

12.0-12.5% N — pyroxylin No. 2.

Varlous materlals may be used as the nitrocellulose solvent. In
the adopted classification, these substances are generally divided
into so-called volatile and nonvolatile solvents. In this case, vola-
tile solvents are those which are almost completely removed from the
powder during the production of the powder mass and the fabrication of
the grain. Compositions using a volatile solvent are designated accord-
ing to the type of nitrocellulose employed (for example, pyroxylin
powder, etc.); as a rule, these are used comparatively rarely in
rocket englneering. Nitroglycerine exhiblts the best properties among
the low-volatility solvents. However, because of 1its tendency to ex-
plosive decomposition, this material cannot be used in large quanti-
tles in a powder and 1t becomes necessary to use auxiliary solvents in
order to achleve the complete solution of the nitrocellulose, thus
making the powder mass explosion-proof. Dinitro diethylene glycol, for
example, is used as an auxiliary solvent on a wide scale. The quantity
of this auxiliary solvent may vary within a wide range and it may even
exceed the amount of nitroglycerine used. Depending on the percentage
content of solvent, powders using low-volatillty solvents are referred
to as nitroglycerine or diglycol, respectively.

In addition to the basic components, certain additives are in-
cluded in the composition of the powder mass, making it possible to
obtain a propellant wlth the desired physicochemical properties and
ballistic parameters.

To obtaln chemical stabllity for the powder, stabilizers are in-
cluded 1n its composition; these are materials which retard the rate
of the chemical decomposition reactions that take place within the pow-
der mass durilng the storage of the grains, and the substances also pre-
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vent the aging of the powder. The most widely used stabilizers are di-

" and certain

phenylamines, ethylphenylurethane, various '"centralites,
other compounds.

The chemical stabllity of the powders 1s of substantial signifi-
cance 1n evaluating the operational suitability of the powders. The
gso-called litmus-paper ard "brown- vapors' tests are used to determine
the margin of chemical stabllity; the results of several other labora-
tory tests are also used for this purpose.

In addition to chemical stabllity, the physical stabillity of the
grains 1s also of great significance 1n estimating the length of time
that powder charges preserve their operatlional effectiveness. Experi-
ence has demonstrated that physical stabllity is a function of grain
dimengions, powder compositlon, and the production techniques used in
the fabrication of the powder mass and the grain. From the standpoint
of physlcal stabllity, the basic defect of grains 1s their disintegra-
tion during storage. It 1s assumed that grain disintegration results
not only from physical processes, but 1s due also to certain of the
chemical reactions that take place within the powder mass during the
storage of the gralns. It has been established that the introduction
of certain special admixtures into the powder composlition has a favcr-
able effect of the physical stability of the grains.

The properties of the powder mass, from the standpoint of grain
fabrication techniques, are substantially improved 1f vasellne, wax,
chalk, carbon black, and a certain other so-called industrial additives
are included in the powder composition.

Finally, as a rule, the powder contains a great quantity of spe-
cilal additives for each composition, and these reduce the burning rate
of the powder ("phlegmatizers"), increase the burning stability, reduce
the temperature of powder burning, reduce the sensitivity of the burn-
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ing of the powder to changes in the initial temperature of the charge,
and the parameters of the interlor ballistics of the engine, etc.

Thus smokeless rocket powder 1s a multicomponent solid solution
of the colloidal type, based on nitrocellulose and a solvent. Powders
based on a low-volatility solvent are generally used for the fabrica-
tion of rocket propellants.

The composition of several colloidal rocket powders 1s presented
in Table 4.1. In American literature, smokeless powders are generally
referred to as bipropellant solid rocket propellants.

Composite propellants. In connection with the development of en-

gines operating on solid propellants, intensive work is being done
abroad on seeking out and mastering new combinations and types of pro-
pellants which will exhlblt greater ballilstic and operational charac-
teristics.

One of the trends 1n these new developments is the design of so-
called composite propellant powders. Composlte propellants are a fine
mechanical mixture of the fuel (combustible) and the oxidizer, bonded
by means of a plasticizer.

We have the following information on composite propellants from
foreign literature.

The fuel components of composite propellants are usually rubber-
or resin-like substances, and 1lnorganic salts in whose molecules there
is a great percentage of active oxygen are used as the oxldizers. Salts
of the nitrate or ammonium perchlorate type are most frequentlyused as
oxldizers since these are comparatively inexpenslve and accessible
while they exhibit high density and satisfactory energy characteristics.
Of the fuel (combustible) constituents, asphalt-hydrocarbon resins,
phenolfurfural, and formaldehyde rubber, as well as similar substances,
are widely used.
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There are also composlte propellants which exceed the smokeless
powders in terms of energy; however, thelr main advantage lies in the
simplicity of grain fabricatlon and the convenlence of operating en-
gines using such propellants.

The most important feature of composite propellants 1s the fact
that grains made of these powders can be obtalned by casting, and here
the powder can be poured directly into the engine chamber. As a result
1t becomes possible to fabricate solid-propellant grains of virtually
any dimensions, whereas in the case of extruded grains made of smoke-
less powder, substantlal production difficultles arise once diameters
of 500 to 550 mm are attalned and speclal extrusion equlpment becomes
necessary.

Composite propellants, as a rule, exhiblt greater plasti: proper-
ties, 1l.e., they do not disintegrate with fluctuations in temperature,
and this distinguishes them from the smokeless powders which, as a
rule, shatter during storage under conditions of variable temperature.

With the pouring of the composite propellant directly into the
chamber, as the charge cools a strong bond 1s formed between the walls
of the combustion chamber and the charge thus making it unnecessary to
employ any speclal devices to receive the load acting on the charge
during flight. Moreover, with an engine in which the combustion takes
place along the surface of the inner channel 1t becomes unnecessary,
in this case, to employ a restriction coating on the grains and the
heating of the chamber walls 1s prevented throughout the greater part
of the combustion, thus eliminating the need to apply a coating of a
speclal thermal-insulation material to the wall or to use cooling sys-
tems. All of this makes 1t possible to use the maximum volume of the
combustion chamber of the engine for propellant and to obtain an en-
gine with increased weight characteristics.
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TABLE 4.1

Chemical Composition of Several Smokeless Colloidal Solid Rocket Pro-
-~ pellants
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lg Component; 2) brand of powder; 3) Germany; 4) Great Britain; 5) USA;
slow burning; 7) nitrocellulose; 8) dinitro diethylene glycol; 9)
dinitro triethylene glycol; 10) nitroglycerine; 11) dinitrotoluene;

12) trinitrotoluene; 13) centralite; 14¥ diethylphthalate; 15) diphen-
ylamine; 16) diphenylurethane; 17) ethylphenylurethane; 18) hydrocellu-
lose; 19) acardite; 20) stabilite; 21) TEN; 22) nitrosine; 23¥ a-nitro-
naphthalene; 24) dimethylphthalate; 25) carbon black; 26) wax.

The ratio between the fuel (combustible) and oxidizer in the com-

posite solid propellant may vary within a rather wide range. This

B N

makes it possible to obtain the desired magnitude of oxygen balance in
the propellant mixture, whereas in the case of smokeless powders the

ratio between fuel and oxidizer 1s determined by the chemical composi-

tion of the components and the quantitative relationships governing
the formation of colloidal solutions; in this case, this 1s a fully
determined quantity which, as a rule, is less than unity. Finally, the
catalog of 1initial products used for composite solid propellants 1is
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almost unlimited, whereas for the fabrication of smokeless powder only
certain nitrocellulose products and a restricted number of solvents
can be used.

Among the basic shortcomings of composite solid propellants we
should include the strong relatlionshlp between the parameters of the
solld-propellant combustion and the dlmensions of the particles that
go to make up the powder, hygroscopleclity, and danger of explosion.

The combustion parameters as a function of particle dimensions
(of the components) and particularly of the particle dimensions of the
oxidizer determine the increased instabllity of combustion for com-
posite solid propellants.

In terms of a margin of internal energy, composite sollid propel-
lants exceed smokeless powders and, in certaln cases, even some regu-
lar explosives; 1n view of thils, they represent a danger of explosion.
The normal combustion of these powders may result 1in detonation. Com-
posite solld propellants may also be detonated by reactlion to various
external impact. Speclal experiments, carriea out by the Thiokol Chem-
ical Corporation (USA), have demonstrated that the sensitivity of com-
posite solid propellants to external impact is a function primarily of
the volumetric relationship befween the fuel (combustible) and the ox-
idizer. The lower the volumetric ratio (given one and the same weight
ratio), the more sensitive the powders.

For the most widely used ammonium perchlorate-based compositions,
the maximum volumetric ratio of oxidizer to fuel (combustible) amounts
to 2.85:1.0 (Fig. 4.1).%

Intensive work on seeking new rocket propellants and, in particu-
lar, on the testing of composite solid propellants 1s being carried
on in America. For example, one USA firm developed an effective pro-
pellant which uses an inexpensive ammonium nitrate and a special com-
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Fig. 4.1. Sensitivity of com-
poslte rocket solid propellants
based on ammonlum perchlorate
to external lmpact as a func-
tion of the ratlio of the volu-
metric content of fuel (com-
bustible) and oxidizer in the
propellant. O, A, @) The points
which correspond to various
propellants tested for sensi-
tivity to external impact; 1)
region of compositions safe in
handling and storage; 2) volu-
metric ratio of oxidizer to
fuel (combustible); 3) region
of detonating compositions.

bustible base. The fuel (combustible) base consists of a special ma-
terial which polymerizes well with butadlene and yields a material ex-
hibiting satisfactory bonding properties. Carbon black (2%) and a plas-
ticizer (2%) are introduced into the composition in the form of admix-
tures.

The composite solid propellant produced by the Thiokol Chemical
Corporation consists primarily of a polymer, an inorganic salt as the
oxidizer, and a small quantity of certain chemical additives. It 1is as-
sumed that polymers of butadiene and primarily polysulfide elastic ma-
terials are used as bonders in the solid propellants produced by this
firm.

The AeroJjet-General PFirm developed a solid propellant, in 1957,
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which uses polyurethanes as binders. On the basis of statements made
by representatives of thils company, the specific impulse of this pro-
pellant 1s assumed to be 240 kg-sec/kg. However, experience in working
wlth polyurethane solid propellants has demonstrated that these ex-
hibit a series of substantial shortcomings (instability in the rate of
the oxidation reaction during combustion, rapid solidification with
significant shrinkage, etc.), and they can therefore be recommended
for use in engines only after appropriate finishing operations. Poly-
urethane solid propellants have not found any widespread application
to this time. The firm has obtalned patents on a series of solld com-
posite propellants. One of these consists 1n the following:
trinitrocyclohexylamine....coceeeeeseccsceseess 858
plasticlzer (WaX).ceeeeeeeeoeoooseocsnnssnssss 15%
and 1n the other we use
ammonium perchlorate....cceeeesessscscesasaesse 50%
trinitrotoluene (TNT).eceeececcesoescocsccsees 25%
thermoplastic binder (for example, asphalt)... 25%

The AeroJet-General Company and certain others (Hercules, Rohm
and Haas) are working on solld monopropellants like nitropolymers and
nitrated plastics. The Rohm and Haas Company recently announced the
successful test of a new solid propellant of this type — "netrinac-
rylate" — for which we do not as yet have any data. It is assumed that
the specific impulse of thils propellant may be approximately 300
kg- sec/kg.

The British firm Imperial Chemical Industries developed an exper-
imental solid propellant which 1s composed of:

ammonium Nitrate...cceececcecsscoccsescecnses 55=-T5%
calclum fOrmMAte.cveeercscoessrsassscssessess 45-258
calcium stearate.seeescscessvesscesccssses 0.5%
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The solild propellant produced by the Grand Central Rocket Company
consists of ammonium perchlorate, a polysulfide, and additives, pro-
. ducing a specific impulse of up to 250 kg:sec/kg.

The work belng done on the development of composite solid propel-
lants have been begun relatively recently, but the first specimens of
such propellants have already been tested successfully 1n rocket en-
gines of various deslgnatlions. Examples of the compositions of such

composite solid propellants are presented in Table 4.2,

TABLE 4.2

Chemical Composition of Some Composite Solid
Rocket Propellants

AHrans JITTTTY

1 Hazsanne
KOMNOMEHTa

Tonmauso up-
uut Thiokol 0\1

Chemical
COCTaB € no-m

ALt-161
Lﬂepx.m[.m'l'lml
nopox
GALSIT
cocTas ma ~J
ocNOoBe
GALSIT
nuxennol vex,
ropenns

NDRS

X 9 Xxoproxucauft xaxuk | 76,0 | — |75,0| —
1Q Nepxxopar ammouns — |81,0] — -—
1) Nukpar aumonns - -1 — |40
'12) Mixpar sarpma -} =1 -]40
13} Hurpar ammonns !l =-|-[=-|%00] - -
14 Acassronedrenpoxyxr | 16,8 | — | 250 — | 18,0 | 100 | 49,0
15| Cuoancrax caaska 70]130| — |10,0] — 8,0 -
.16 Cneumaashue goGasxx | 0,2) 6,0 — | - 2,0 2,0 1,0

=
(-]
8
111 8

1) Component; 2) brand; 3) Great Britain; 4)
USA; 5) perchlorate powder; 6) the propellant
produced by the Thiokol Chemical Company; T)

a composition using GALCIT base; 8) a composi-
tion with a reduced combustion temperature; 9)
potassium perchlorate; 10) ammonium perchlorate;
11) ammonium picrate; 12) sodium picrate; 13)
ammonium nitrate; 145 asphalt-petroleum prod-
uct; 15) resin binder; 16) specilal additives.

It is interesting to point out that composite rocket solid pro-

s we e

pellants were developed by the Germans as early as during the Second
{ ~ World War. However, the development of these propellants during that
period was necessitated by the serious shortage of raw materials for
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colloidal powers rather than the effort to obtain a powder (solid pro-
pellant) with increased characteristics. As an example of a composite
s0lid propellant, developed in Germany toward the end of the Second
World War, we can cite the 2-36 composition (in %):

tetranitrocarbonal-..o.....................-- 5200
m03cooooo.‘l.o'ooo-o.ooo.tu..o.Q.uooo'aooa.o Ll’l-o
SaWduBt........-.-..........-......-.-....... 300
p01YV1nyl acetatec.‘cloocootuolo.oo.o'o.'ouco 200
carbonblack.......ooo.ootlouoo0!000‘.0'..0.. 200

The heating value of the Z-36 powder amounted only to 650 kcal/kg,
i.e., it was substantlally lower than the regular colloldal powders.

Bagslc trends in the development of promising future solid propel-

lants.* Of other trends in promising investigatlons which are receiv-
ing particular attention abroad at the present time we should make men-
tion of the work being done on propellants exhlibltling Iincreased heat-
ing values, a low burning rate, a reduced sensitivity of the rate to
changes 1in the initial temperature of the charge and to pressure fluc-
tuations within the engine, as well as on powders which have an ex-
panded range of stable combustion and a low combustion temperature.
Work along these lines 1s belng done both in order to develop new pow-
ders as well as to modify the propellants and powders that have al-
ready been adopted for armament purposes. Apparently, these develop-
ments are far from having been perfected, since no reports have ap-
peared in the literature, which would permit us to draw any final con-
clusions nor to make any recommendations as to any operating composi-
tions.

One of the trends 1n promising developments 1is the increase of
the power characteristics of the propellants. With this purpose in
mind, attempts have been made to use lithium, fluoride, boron-contain-
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ing substances, and several others, as components for solid rocket
propellants.

At the present tilme, much experimentation is belng done on compo-
sitions which use nitrate and lithium perchlorate. Lithium perchlorate
has an extremely high oxygen potential and may be used for the produc-
tion of propellants exhibiting an extremely high specific impulsge. In
America, the American Potash Company, and others, are working on the
development of lithilum propellants.

Particular attention 1s being devoted to the propellants contain-
ing boron.* Boron has a high heating value (14,400 kcal/kg) and is
capable, Iin combination with hydrogen, to form substances — boron hy-
drldes — which have even greater heating values. A general shortcoming
of the boron hydrides, in their application as fuels (combustibles)
for rocket englnes, 1ls thelr toxicity, thermal instabllity, and sev-
eral other properties which make it difficult to operate engines on
propellants contalning boron. Investigations which sought to improve
the physicochemlcal properties of the boron hydrides resulted in the
development of borohydrocarbons which exhiblt satisfactory stability
and toxlcity parameters, but a somewhat reduced heating value. It 1is
assumed that the solld propellant advertised by the 0lin Mathleson
Chemical Corporation 1s an alkylated pentaborane or decaborane.

Fluorine-containing solid propellants are quite effectlive, since
fluorine 1s one of the most powerful of the known oxldizers; however,
these propellants are extremely toxlc and have not found any practical
application to the present time.

Basic Rocket Sollid Propellant Characteristics

In accordance with the requirements imposed on rocket solid pro-
pellants, the most important propellant characteristics are the follow-

ing:
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SpeCIfic mpulseloot..loouoccoo.ooaoouoocll.o.o.oo.c Jl l@‘sec/l@
heating valueo.o.oocloooo-tl.Olloonl'.oo.olo..on..o. QVI(Zh) kCal/m

referred force. 0 0 0 0 9 2 0 & 0 0 5 0B B S OSSP SO NSNS S eSS fp kg-nl/m
spe cific we isht 2 9 0 0 0 6 5 0 ¢ 6 5 0 0 8 5 0O O O 0PSSO SN NN SO0 fY g/cm3
combustion temperature....eeececececssosssosvscescess T °k

p

heat capacities of products of combustion, o
per unitmass.‘.l...."l.ll....l..'....Ol..l..... CCV kcal/mc

b
1ndex Of CombustiOn pl"OCGSS.-.......-.........-.-... k=Cp/Cv
gas constant of products of combustion.............. R kg-m/kgoK
k'g/cm2

The parameter which characterizes the effectiveness of the rocket

boundary of anomalous combustion...ceeecesececseccns p%in
engine from the standpoint of an increment in the momentum of the
rocket as a result of the combustion of 1 kg of propellant 1s referred
to as specific impulse. For contemporary propellants, the magnitude of
specific impulse is equal, on the average, to

J; = 200 kg-sec/kg.

Strictly speaking, Jl 1s a characteristic not only of the pro-
pellant but of the entire rocket engine; it is therefore more proper
to speak of the speciflc impulse of the engine. However, to make the
comparative evaluation of various propellants more convenlent 1t 1s
the practice to employ this characteristic, determining its magnitude
by burning the propellant charge in some standard test engilne.

Much work is being done on increasing the specific impulse of
propellants and engines. Data 1s available on the successful testing
of engines having a specific impulse of up to 250-280 kg-sec/kg. *

The heating value of the propellant determines the reserve of
thermal energy that is liberated in the engine on the combustlon of
the charge, and for various compositions averages 800 to 1250 kecal/kg.
It should be borne in mind that because of the negative oxygen balance
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in the solid-propellant compositions, i.e., because of a shortage of

" oxygen 1n conventional smokeless powders, as these are burned in a

| rocket engine only a part of the total reserve of internal heat energy
is liberated (20-40%), whereas the remaining energy 1is liberated in
the final oxldation of the products of combustion in the flame of the
gas stream beyond the nozzle. The total heating value of smokeless
powders is 3000-4000 kcal/kg. We can use the lost heating-value per-
centage by developling various engline comblnations with complete com-
bustlion or by shifting the oxygen balance of the composition. The heat-
ing value of the powder 1s generally determined by carrying out experi-
mental combustion tests. The magnitude of the heating value is equal
to the quantity of heat llberated per 1 kg of powder burning in a
clogsed volume, given the condition that the products of combustion are
cooled by water to a temperature of +18°C. In first approximation, the
magnitude of the heating value may be estimated by calculation, using
the so-called Bi coefflcients that have been determined experimentally.
The change in the heating value of the powder 1s referred to as the
coefficlent Bi for the powder component; this change 1s brought about
by the introduction of 1% of this component. It is conventionally main-
tained that B = const, l.e., the given quantity of any component, with
some arbltrary powder composition, liberates a constant quantity of
heat. This makes 1t posslble to calculate the heating value 1in accord-
ance with the following formula:

Iy
QG m=Yop, (4.1)

where Bi is the coefficient, in kcal/keg#; Py is the content of the ith

component in the powder, in %; s_ is the number of components in the

P
( powder composition.
The specific weight of the propellants for those compositions
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that are already in production is found within the following range:

v = 1.4.1,8 g/bm3. In order to obtaln high engine characteristics, it
1s desgirable to obtain a propellant with higher specific weight, since
in this case 1t willl be possible to concentrate a greater reserve of
energy per unilt volume of combustion chamber, or with a glven magni-
tude of required energy reserve it will be possible to obtain smaller
englne dimenslons and weight.

With the combustion of a powder charge 1ln the combustlon chamber
of an engine, temperatures of 2000-2500°C are developed. At such tem-
peratures, almost all of the structural materials melt, and specilal
heat-reslstant compositions and alloys begln to logse thelr strength
propertles. However, because conventlonal solld-propellant rocket en-
glnes generally operate for only short periods of time, no dangerous
overheating of the structure 1s, as a rule, observed; special cooling
measures must therefore be implemented only in the region of the crit-
1cal section of the nozzle. Nevertheless, it 1s recommended that pro-
pellants with lower combustlion temperatures be selected. The high com-
bustion temperature becomes a problem in the design of engines in
which combustion lasts for 30 to 50 seconds or more. Such engines can
function normally only 1f extensive use is made of speclal heat-insula-
tion coatings or i1f forced-cooling systems are developed.

If we contend that the combustion process in a solid-propellant
engine 1s isobaric, we will have

Quwim =C,7,, (4.2)

i.e., the propellants wlith a high heat capacity C_ for the products of

P
combustion (kecal/kg°C) will be characterized by low combustion tempera-
ture. On the other hand, if we use the well-known thermodynamic rela-

tionship
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C'=b:-l AR. (4.3)

where k 1s the index of the procese; R is the gas constant of the
products of combustion; A 1s the thermal equivalent of work, and 1f we
express R 1n terms of the universal gas constant

R = 848/u; ke-m/keK, (4.4)
we will obtain

—h au
C=2 A%,

i.e., the products of combustion exhibiting low molecular welght will
have greater specilflc heat capaclty. Thus, all other conditions belng
equal, 1t would be desirable to use propellants whose products of com-
bustion have low molecular welght and a high gas constant. The molec-
ular welght of the gas mixture of the products of combustion is deter-
mined by the composition of the mixture and is calculated in accord-
ance with the followlng formula:
.

v-==§mn. (4.5)
where Hy 1s the molecular weight of each of the products of gas com-
bustion entering into the composition; ry 1s the volumetric fraction
of this gas in the mixture; He is the so-called apparent molecular
welght of the mixture.

The quantity that 1s conventionally referred to as the force of
the powder 1s an extremely important characteristic for rocket propel-
lants:

£, = RT, kg-m/kg. (4.6)

The force of the powder is a complex characterization of the come
position of the products of combustion and their temperature, and de-
termines the specific operating capacity of the powder. In addition to
the heating value, the force of the powder is a basic power character-
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TABLE 4.3
Some Ballistic Characteristics of Rocket Pro-

pellants
3 .
Mapxa 20ele) |37 s Z’ cot | a4 fo |50 Th,
1 xxaaixz | 2Jerd] °K KoMKz | Kecex|xe Kefeat
2-167 830 1,58 12250/ 0,376 |1,23] 84 000 —_ —
7 R-61 (Fepmanng) 890 | 1,60 [2390(0,382(1,24] 87400 - -
17-H - 790 1,62 2160/ 0,360 (1,21] 82000 — -
105-5 890 1,59 2390 — | — | 86900 —_ -
JP . 1230 1,60 3160/ 0,437 |1,22] 103 400 230 -
JPN 1230 1,61 3160/ 0,424 |1,21] 103 400 230 —
M7 120 | — (32100 — | — 104000 220 | — |
MPN - 880 | — [2310/0,308| — | 86800 — | — !
g R-61 (ClIA) — |rne2|~|— liog - 240 | 20,0!
JRN 805 | — [2090]0,381| — | 87400 | 195 | — |
sC 085 | — 538 — 1,22] %0700| 190 | ~
HSC - 170 | 1,64 3030 — 1,22 100600 200 | — |
19 3xcnepumenrass- | — | 1,57 [1700{0,367[1,2¢] — 160 - |
umit aurauficxuf :
nopox !
ALt-161 - v o — | — 185 | — |
O Anranfickul'nep- - — |2400/0,367]1, - —_ -—
xaopatuul  nopox ;
11GALSIT — 1m0 — o8] — 195 xs.o‘
]ﬁCocru KPMM - 1,55 11460 — (1,2 - 190 - [
Biokol CGhemijcal i
'NDRS — |77 17so] - f1,28) — 200 | —
1 3Husxoreunepa- — 1651520 — [1,2¢f — . 185 | —
typusi cocras . .
14Cocras, noayven- _ 1,94 27000 — 11,27 - 210 -
null  Ha  ocwose
GALSIT

¥he quantity Cp 18 a function of temperature

and pressure. The table presents the value of
C, (and correspondingly of k) at p = 100 kg/cm2

and temperature 'I'p for each propellant.

*#The magnitude of the specific impulse is pre-
sented for the standard test engine at a pres-
sure of 70 atm and a nozzle expansion of da/dk =

= 2.24.
1) Brand; 2) GW(Zh)" kcal/kg; 3) v, g/cm33 4) fp: kg-m/kg; 5) Jls**
kg-sec/kg; 6) p* ., ke/om"; 7) R-61 (Germany); 8) R-61 (USA); 9) ex-

perimental British powder; 10) British perchlorate powder; 11) GALCIT;
12) composition produced by the Thiokol Chemical Company; 13) low-tem-
perature composition; 14) composition based on GAICIT.
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1stic of the propellant.

Wlth respect to the quantity p*min which determines the lower
boundary of pressures at whilch the propellant will burn without anoma-
lies, 1t should be pointed out that the boundary of permissible pres-
sure values must be as low as possible. In this case, 1t will be pos-
sible to design an engine for low operating pressures, i.e., with min-
imum wall thicknesses and correspondingly low structural welght. Con-
temporary foreign propellants exhlbit a 1limit pressure boundary of the
order of 15 to 35 kg/bmg.

It has been established that the quantity p*min 1s determined not
only by the properties of the propellant, but by the structural fea-
tures of each individual englne; therefore, under certain conditions
p*min increases to higher values. The problems of anomalous combustion
and the selection of the operatling pressure are examined in greater
detall below; here we must concern ourselves only with the fact that
the best propellants are those which under ccmparable conditions burn
normally at lower pressures.

Some characteristics of various propellants are presented in
Table 4.3. It should be pointed out that with respect to individual
propellants, contradictory data are encountered 1n the literature, and
therefore the corresponding characteristics are not presented because

of their doubtful reliability.

§2. APPROXIMATE CALCULATION OF THE COMPOSITION OF THE PRODUCTS OF COM-
BUSTION

Many of the processes that take place within a solld-propellant
rocket engine, and some of the parameters of interior ballistics, are
strong functions of the composition and the properties of the products
of propellant combustion; therefore the determination of the composi-

(- tion of the products of combustion 1s an extremely important matter.
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In first approximation,vthe calculation of the composition of the
products of combustion can be reduced to finding and solving a system
of equations for the coefficlents of the propellant-combustion reac-
tion, and this system of equations, in general form, 1s written as

follows: ’

CH,ON,— £C0, +yCO+2Hy+uH,0+ LN,

where CaHbocNd is the so-called conventional formula for the propel-
lant; a, b, ¢, and 4 are the number of gram-atoms of the corresponding
elements in a conventional molecule of propellant; X, y, 2, u, and 4a/2
are the number of gram-molecules of the corresponding substances in
the products of propellant combustion (the coefficilents of the reac-
tion).

The notation which enumerates all of the above chemical elements
that enter into the composition of the propellant components is re-
ferred to as the conventional formula; this formula indicates the
tctal gram-atoms of these elecments for all compcnents. The cconventicnal
formula is found on the basis of the chemical composition of the pro-
pellant and 1s derlved for 1 kg of propellant.

The procedure employed for the derivation of the conventional
formula is best demonstrated in a specific example. lLet us examine a
propellant having the following composition (in %):

nitrocellulose (12.2% N).:eeeveoooesoosacsees 56.6
N1troglycerine. i cceececovscssossocsscssscosseece 28.0
dinitrotoluen@..ccecvecssccccscccsscnscssesss 11.0
centralite..eeeeecesscsssecsvsoscascncsncnssnes Ul
Industrial wWaX.eeocooeoescssecscsecansssssssee Ocl
and the known chemical formulas of the individual components:

("

e nitrocellu1089 (12.% N)ooo-ooo.oooo.oooao-o' 022.5036.16H28.8N8'7
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NitroglycCerine. oo eeeessrssessoossscsscsanses C3H5(0N02)3
AIN1trotolUENE. e euevavecronscsocssocscansnsas 06H6(CH3)(N02)2
CONtralite.svssseserressocnoronnssrsnccnnnons °°N2°2H5(°6H5)2
Industrial wWaX....eeeceesccccccsccsssensannns CopHyss

where the formula for nitrocellulose is derived through the utilization

of the following relationships:

Coug=21,85—1,180 (N% —12,75);
Opy ™ 36,40+ 0,444 (N% — 12,75); (4.7)
H,o, = 27,32 — 2,690 (N% — 12,75);
Noa= 9,100,722 (Ns — 12,75)

(N 1s the nitrogen content, in %, in the nitrocellulose of the powder).
According to definition, the conventional powder formula will

take the following form:

csc H, O, N,
) H, YO0, 3N
=1’ AN A EN

5

where, for example, 22: CJ 13 the sum of the gram-atoms of carbon in
=1

each of the five components of the given composition, per 1 kg of pow-

der.

We will find CJ for one of the powder components; for example, we
will find this quantity for dinitrotoluene. In accordance with the
chemical formula, there are seven atoms of carbon in the molecule of
this substance; on the other hand, if the powder contains 11% dinitro-
toluene, there will be 110 g of the substance in 1 kg of the powder.

Hence the number of gram-atoms of carbon in the total of the subscripts

¢
4
i
x
i
f

in the conventional powder formula will be
-m-
G jlun 423
or, in general form

G~k (4.8)
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where n, is the number of carbon atoms in a molecule of the Jth com-
ponent of the powder; gJ is the weight fraction of the Jjth component,
in 1 kg of powder; uj is the molecular weight of the Jth component.

As a result, the subscript of the conventional formula 1s defined

as the sum

(4.9)

.8 Py
Q== ‘C= &
) n; —
;é ;ﬁ e

where s 1s the number of components entering into the composition of
the given powder.

The subscripts for the other elements in the conventional formula
are determined in much the same manner.

Without dwelling 1in detall on the calculation, we will present
the calculation results in special form (Table 4.4).

After the conventional formula for the powder has been formed, we
determine three relationships for the calculatlon of the combustion-
reaction coefficlents, and these relationships are equations of the

material balance of the reacting substances:

a=x+ty,
b=2212u,
c=2x-+y-u.
It should be borne in mind that in addition to the basic combus-

tion reaction
CH,ON,—> £CO,+yCO+2 Hyt s HO+-5- Ny

secondary reversible reactlons take place in the gaseous products, and
of these the following are the baslc reactlons:

20072C0, 4G,
Hy0+CO 2 COy+Hy

and the dissociation reactions:

€0, 32C0+-0,
HO 2 H+OH.
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It has been demonstrated by special analysis that for the pres-
. sures and temperatures characteristic of the combustion chambers in a
solid-propellant rocket englne, the equilibrium constant of the reac-
tion
2C0&C0,+C
1s so great that this reaction may be regarded as shifted as far as
possible to the left, i.e., 1t need not be consldered in practical
calculations. The dlssoclatlon reactions also play no significant role,
80 that we must take into conslideration only the followlng reaction:
H,0+CO=COy+Hy,
which is written 1n the followlng form for the products of propellant
combustion: '

#H,04yCOx COy+zHj.

The equllibrium constant of thils reaction

K= 1H01[co]
[COq) [Ha)

yields the additional equation

K=2L.;

) xs
which when taken into consideration serves to close the system of equa-
tions employed for the determination of the combustlon-reaction coef-

ficients: :
amx-ty
b2z 422,
c=2x+4y+a, (4.10)
Kme?L
X2

The quantity K is a function of the temperature of the products
of combustion; therefore, the solution of the system can be found only
1f the temperature of powder combustion is known. If the combustion

¢

temperature 1s not given, we proceed in the following manner. We assume

- 111 -

D e S a1 o 4RSS w4



TABLE 4.4
Data for the Calculation of the Conventional Propellant Formula

3 4 5 Coazepxanxe o1aeabuux saementos Ha 1 x2
1 Hassanne 2Xnunvecxas $opuyaa T:;:: ) o:::f.. Dpoa @
KOMNOHEMT sec xou-| 5 1 s
. rounonenta poNenta | nopoxa c,-n,-ﬂ- H,-k,-ﬂ- Ol-urﬂ N/-I/'ﬂ'
») uy ¥/ L)
6 A :
Hurpoxaervarxa CeasHea i0s.16N0e7. 1000 565 12,70 16,25 20,40 4.9
7 .
Hurporanuepuu CgHg(ONO )y 227 280 3,70 6,18 11,10 3,7
8 | . .
JHHHTPOTOAYOA CeHy(CHgXNOy)y 182 | 110 423 | 3.6 2,42 121}
9 ‘
Llenrpaanr CONgCyHg(CeHs)y 302 “ 2,18 2,18 0,14 | 02
10 '
Bocx rexunuecxnil CaoHe 282 1 0,07 0,15 - -
1lHzoros 1 »z ronausa Gyser, 22,88 28,39 34.06 10,11
121. e ycaosuas Popuyss sannmercs TaK: Cys.agHse.20054,06N10.11

Note. kJ, mJ, and fJ are the number of hydrogen, oxygen, and nitrogen
atoms in a molecule of the Jth component of the propellant.

1) Component; 22 chemical formula for component; 3) molecular weight

of component; 4) content in 1 kg of powder; ) content of individual
elements in 1 kg of powder, in gram-atoms; 6) nitrocellulose; 7) nitro-
glycerine; 8) dinitrotoluene; 9% centralite; 10) industrial wax; 11)
the total for 1 kg of propellant will be; 12) i.e., the conventional
formula 1s written as follows: 022.88H28.39°34.06N10.11'

14, xiearme

%

e e -

—r
200 T, 2000 1500 7'M

Fig. 4.2. Graph for the deter-
mination of true temperature
of the products of powder com-
bustion. Hi i1s the heat content

(enthalpy) of the powder; 1)
| 4 H,, keal/kg.
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three tentative values of Tp and the composition of the products of
combustlon for each temperature is determined. On the basis of the com-
position of the products of combustion and the heat content of the com-
ponents of the gas mlxture, the total heat content of the products of
combustion 1s determined; a camparlson of the heat contents against

the heatlng value of the powder makes 1t possible to find the tempera-
ture of the products of combustion (Fig. 4.2), on the basis of which

we can refine the composition of the products of combustilon.

A more detalled calculation of the temperature of the products of
combustion was presented in the book by G.B. Sinyarev and M.V. Dob-
rovol'skly: "Zhidkostnyye raketnyye dvigateli" (Oborongiz, 1957) ["Lig-
uld Rocket Engines" (State Defense Industry Press, 1957)].

If we know the compositlion of the products of combugtion, we can
eaglly calculate the basic quantities which characterize the proper-
tles of the gas mixture. For example, in accordance wlth the laws gov-

erning gas mixtures, partlal pressures of individual components of the

mixture can be calculated according to the followlng formula:
P4'=P5’c- (4.11)

where Py is the partial pressure of the ith component of the gas mix-
ture; Py 1s the total pressure in the gas mixture, sald pressure equal
to the pressure within the combustion chamber; ry is the volumetric
fraction of the gas in the mixture.
The apparent molecular welght Hs of the mixture will be
E%
?l-z ® o (4.12)

where By is the molecular weight of the ith gas in the composition of

the mixture; s, 18 the number of components in the mixture.

r
If we know these quantities, we can determine the heat capacity
of the products of combustion, thelr gas constant, and certain other

- 113 -



parameters which are of great significance for the interior-ballistlc
and thermal calculations for the engine. The composition of the prod-
ucts of complete combustlion of certaln solid propellants 1s presented

in Teble 4.5.

TABLE 4.5

Compositlon of the Products of Combustion of
Certain Brands of Solid Rocket Propellants

3 2Mapxs . . ﬂgﬁ:ﬁ
' ex
 ouDONENTS JeN | JP M-7:A|.c-len BACA | HSC un%?o:“
TPORY KTOS CrOPauNS ' 3
- COy 28,1 27,1|24.8] 33| 2.3 |2.3
co , 26,0 | 25,0-| 24,7 44,0 | 24,9 | 28,7
H0 283]|28,0[285] 99|27 |29
Hy o 50| 3.9] 41| 274 38| 47
, Np ' 15.1]165] 14,9 0,1 ] 159 | 15.4
COH’ 05| 04| 04| —~ | 06| ~
4 Taepawe nacrnum -] —-{o09] = | 11] 04
B~ | -]} sal ==
SOy -} -] = 0.2] 03| —
SMoxexyaspuishoec vy | 57 5| 28,01 28.7] 30,0 | 27,9 | 28,0 25,0

Note. Composition of the products of propel-
Tant combustion is presented in molecular
percentages for p = 70 atm.

1; Components of the products of combustion;
2) brand; 3) British perchlorate powder; 4)
s0lid particles; 5) molecular weight T

§3. BASIC QUANTITATIVE RELATIONSHIPS GOVERNING COMBUSTION OF SOLID
ROCKET PROPELLANTS

Mechanism of Combustion of Solid Rocket Propellants

On the basis of published works, we would come to the conclusion
that only the combustion of colloidal powders has been studied 1n suf-
ficient detall up to the present time. It is for this reason that all
that follows 1is of direct significance only with respect to the com-
bustion of smokeless rocket powders of this class. With respect to
composite propellants i1t has been established experimentally that, in
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first approximation, the basic quantitative relationships governing
the combustion of these propellants can be assumed to be the same as
in the case of the colloldal powders.

As a rule, a great quantity of various components are included in
the composition of the powder; these components form complex physical
and chemical bonds between one another and, therefore, the powder com-
bustion 1s a complex multlistage process.

The earliest experiments and the flrst theoretical generalizations
of the observatlon results made it possible to establish that the pow-
der, as a rule, burns i1n parallel layers, and 1t was also established
that the basic reactions of the combustion process occur in the gas
phase; 1ln addition, it was determined that the combustion of the pow-
der precedes the thermal decomposltion of the surface layer of the pow-
der grain. Since nitrocellulose, the base of the rocket powder, is non-
volatile, 1t was not possible to explain the mechanism of the forma-
tion of the gas phase until 1942; it was at this time that the hypo-
theses as to the gasification of the products of the thermal decomposi-
tion of the surface layer of the powder was offered; 1n addition, 1t
was 1mposslible to offer an explanatlon for the above until we were
able to obtain theoretical results that were in good agreement with
experimental data.¥*

By gasification we mean the process of the primary decomposition
of the solid propellant which results in the disruption of certain
chemlcal bonds and produces gaseous products and solld particles that
are suspended in the gas phase. These products enter into final chem-
ical reactions of caombustion within the confines of the gas phase.

In the opinion of many speclalists and investigators, the disrup-
tion of the solld phase 18 the stage of combustlon which determines
the rate of the entire process and this, in the general case, is not
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equal to the rate of the formation of the primary gaseous products,
sald rate calculated in accordance with the following formula:

_z
m,=k o0 A';o (4. 13)

where m, is the mass rate of gas formation; km is some constant of the
process; E 1s the total energy of activatlion; R 1s the gas constant;
Tz 1s the gas temperature at the boundary of separation between the
solid and gas phases.

We can present, in the following form, a more complete picture of
the successive processes taking place in the powder during combustion
in the chamber of the rocket engilne.

As the outer layer of the powder grain 1s heated to temperatures
of 100-120°C, the molecular bonds of the nitrocellulose 1n the powder
grain sre depolymerized and the solvate-hydrate complexes of the
molecules are destroyed.

With contlnued increase in temperature, the stronger chemical and
physical bonds are destroyed, and by t = 200-220°C a liquid-viscous
layer of melted powder 1s formed at the surface of the grains.

The volatlle components of the powder are vaporized at the sur-
face of the liquid-viscous layer and the nitrocellulose 1s gasified;
as a result, a layer of so-called vapor-gas 1s formed at the surface
of the grain. The reglon in which the gas phase 1s formed 1s referred
to as the zone of powder gasification. Here, in the immediate vicinity
of the burning surface, the products of the gasification virtually do
not interact, and only certain exothermic reactions take place; these
are of no particular significance. The stream of particles in the gas-
ification zone is normal to the surface of the grain. The products of
the gasificatlion, entrained by this stream, are carried into the vapor-

gas cloud where the combusvible mixture of the gases is prepared.
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Fig. 4.3. Diagram of the com-
bustion of a colloidal rocket

solid propellant. Tz) gas tem-

perature at the boundary of
separation between the solid
and gas phases; To) initial

charge temperature; a) solid
powder phase; b) gaseous prod-
ucts; 1? cupola of grain with
initial powder parameter; 2)
zone of primary decomposition
of powder components; 3) lig-
uld-viscous layer; 5 gasi-
fication zone; 5) zone of com-
bustible mixture preparation;
) zone of combustion; 7) prod-
ucts of powder combustion.

The final combustion reactions which take place intensively in
the so-called zone of combustion are initiated in the layer of the
vapor-gas cloud where a corresponding concentration of active products
18 achleved. At the end of the combustion zone, the gas temperature
attains the 1sobaric combustlon temperature.

Figure 4.3 shows a diagran of the combustion of a colloidal pow-
der. A detalled study of the reactions taking place within the combus-
tion zone has demonstrated that these take place successively, in two

!: stages. At the end of the first stage, the products of incomplete oxi-
dation predominate in the products of combustion and these contain ox-
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ides of unreduced nitrogen. In this case, approximately one half of
the enthalpy of the powder 1s liberated. During the second stage, the
complete reduction of the nitrogen from its oxides takes place, and
the remaining substances are oxidized. The reactions of this phase
liberate the remaining 50% of the energy of powder combustion.

It has been established that as the combustion terminates on the
completion of the reactlons of the first stage alone, low-frequency
pressure fluctuations are observed in the engine, combustion becomes
unstable 1n nature, and there 1s a tendency to anomalous attenuation.
On the other hand, the reactions of the second stage may take place
only under definite conditions within the engine, and we have refer-
ence here particularly to pressures not below some definite operating
pressure for the given powder composition. Thus the nature of the
phases of the powder-combustion mechanism 1s a function of the param-
eters of the interior ballistics of the engine and the engine design;
in order to liberate a greater quantity of energy within the combus-
tlon chamber and to achieve stable combustion, we require conditions
which guarantee the occurrence of the chemical reactions of the second
combustion stage.

On completion of the combustion reaction, the gaseous products
that have been formed move through open passages in the engine to the
nozzle and are ejected. As a result of the discharge of the products
of combustion, a reactive force 1s developed and this force is the re-
action of the exhaust stream of the products of combustion.

It should be pointed out that the sequence of processes (examined
in detail) that takes place in the combustion of solid rocket propel-
lants is not absolutely reliable. However, it may be used as an operat-
ing dlagram of the combustion, since 1t ylelds results that are, for
the most part, in good agreement with experimental data.
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Burning Rate Function

One of the basic features of a solid.propellant rocket engine 1is
the fact that the burning rate of the powder in the engine is a strong
function of the magnitude of the pressure in the combustion chamber.
The linear burning rate of the powder as a function of pressure is
generally referred to as the powder-combustion function, and here by
linear (mechanical) burning rate for the powder grains we mean the
rate at which the burning surface of the charge shifts 1n the direc-

tion of the inside normal:

gyt

at’
where u, is the linear burning rate; e is the so-called cupola of the
grain (;he minimum distance covered by the burning front during the
time of engine operation).

The physical nature of the burning rate as a function of pressure
is obvious. In fact, the burning rate 1s defined as the rate at which
the chemical reactions take place in the zone of combustion and it 1is
determined by the quantity of gases entering into this zone of combus-
tion from the grain.

The quantity of these gases 1s directly proportional to the mass
rate of formation of the gaseous products of primary powder decomposi-
tion, which in accordance with (4.13) increases as the temperature in
the vicinity of the charge surface rises. Thus, the combustion (burn-
ing) rate in the final analysis increases as the temperature in the
vicinity of the charge surface rises. The characteristic curve of this
function is presented in Fig. 4.4. On the other hand, the grain is
heated as a result of the transfer of heat between the upper layer of
the grain and the high-temperature zone of combustion. The heat flow
to the grain may be regarded as inversely proportional to the distance
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Burning Rate Function

One of the basic features of a solid-propellant rocket engine is
the fact that the burning rate of the powder in the engine 1s a strong
function of the magnitude of the pressure in the combustion chamber.
The linear burning rate of the powder as a function of pressure 1is
generally referred to as the powder-combustion function, and here by
linear (mechanical) burning rate for the powder grains we mean the
rate at which the burning surface of the charge shifts in the direc-

tion of the 1nside normal:

. de

* e’
where uq is the linear burning rate; e is the so-called cupola of the
grain (;he minimum distance covered by the burning front during the
time of engine operation).

The physical nature of the burning rate as a function of pressure
1s obvious. In fact, the burning rate is defined as the rate at which
the chemical rcactlons take place 1n the zone of compbuation and it is
determined by the quantity of gases entering into this zone of combus-
tion from the grain.

The quantity of these gases 1s directly proportional to the mass
rate of formation of the gaseous products of primary powder decomposl-
tion, which in accordance with (4.13) increases as the temperature in
the viecinity of the charge surface rises. Thus, the combustion (burn-
ing) rate in the final analysis increases as the temperature in the
vicinity of the charge surface rises. The characteristic curve of this
function is presented in Fig. 4.4. On the other hand, the grain is
heated as a result of the transfer of heat between the upper layer of
the gralin and the high-temperature zone of combustion. The heat flow
to the graln may be regarded as inversely proportional to the distance
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Fig. 4.4. The curve showing
the burning rate of a colloidal
powder as a function of the
temperature near the surface
of the burning grain. 1) Uy,
cm/sec. =
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Fig. 4.5. Diagram clarifying
the burning rate as a functlon
of the magnitude of pressure
in the engine.

a = K/6(p) (T, = T,) =
= £(p) [keal/m®nr].

k) a powder constant; 6(p) the
‘distance from the zone of com-
bustion to the surface of the
grain; Tp) the temperature of

the products of combustion;
Tz) the temperature close to

the surface of the charge; 1)
the flow of the productg of

combustion; 2) p, eme; 3)
reverse heat flow; powder
grain.

between_ the surface of the graln and the combustion zone, 1.e., the
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Fig. 4.6. Characteristic curves
of the relationship between the
burning rate u and the pres-
sure p for colloidal powders
of various compositions. 1l-4)
Powder compositions; A) Uy,

cm/sec; B) 200 p, kg/cma._

burning rate, all other conditions being equal, is all the greater,
the smaller the distance between the combustion zone and the surface
of the grain (Fig. 4.5).

What takes place in the engine as the pressure within the engine
is increased? With an increase 1n pressure, the vapor-gas cloud is
compressed against the surface of the grain and the transfer of heat
between the grain and the combustion zone 1s intensified. As a result,
the temperature cloge to the surface of the charge rises and, conse-
quently, the rate of gas formation increases, l.e., the mass of prod-
ucts entering the combustion zone increases. All of this results in a
situation in which the rate of powder burning increases. Conversely,
with a drop in pressure in the engine, the vapor-gas cloud moves away
from the surface of the grailn and the intensity of heat transfer be-
tween the cloud and the grain diminishes, thus resulting in a reduc-

tion in the burning rate.
It should be pointed out that in the case of an unlimited increase
(, in pressure there 1s a certalin minimum distance between the surface of

the grain and the combustion zone (of the order of the mean molecular
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free path), i.e., there must exist some maximum burning rate. On the
oyher hand, with a reduction in pressure, the burning rate can be re-
duced to zero (the damping of the combustion process), if the heat
transferred to the grain from the zone of combustion 1s inadequate to
permit vaporizatlon processes and the gasification of the liquid-vis-
cous powder layer.

As has already been indicated, in first approximation the combus-
tion rate may be regarded as constant at any point on the surface of
the grain. The hypotheses as to the burning in parallel layers become
invalld only in the case of englnes exhlbiting a high ratlo of burning
surface to free combustion-chamber crosgs section, where the burning
rate lncreases along the surface of the grain; however, thls case may
be regarded as speclal.

The theoretical determination of the relatlonshlp between the
burning rate and the pressure involves certain difficulties because of
the features encountered in the chemical kinetics of the reactions
taking place in the various zones of the vapor-gas cloud, and because
the baslic quantitative relationships governing diffusion and heat
transfer 1n the gaseous products are extremely complex. Moreover, the
very structure of the vapor-gas cloud remalns essentially uninvesti-
gated. Therefore, 1t is the general practice to seek the laws govern-
ing burning in the form of certaln empirical relationships which will
generallze the experimental data from a statistlcal standpoint.

The evaluation of the results obtalned 1n experimental burning of
powders has shown that it 1s Impossible to represent the function of
the burning u; = ul(p) by a single function for the various powders
and the wide ;éngé_of possible values for the operating pressures.
Therefore, the burning functions for various powders are expressed 1ln
varilous ways.
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In this case, the so-called power burning functions have become

the most commonly used: .
u.-A+Bp.' .

Ug™ihy P% .

which approximate the relationship between the burning rate of col-
loidal powders and the pressure in a range from 100 to 150 kg/cm2 com-
paratively well. Given higher pressures (up to 300 kg/cme) the burning
function for the powders generally approaches a linear function:

“I-AHBO ’

Ug=il) P.

In the formulas for the burning functlons that have been pre-
sented above, Uy 1s the linear burning rate, in cm/sec; p 1s the op-
erating pressufg in the combustion chamber, in kg/bma; A, B, v, and u,
are certaln experimental coefficients that are functions of the pow-
der composition, the initial temperature of the charge, the operating
pressure, and certaln similar parameters.

Table 4.6 presents, as an example, the burning functions of cer-
tain powders. These functions have been averaged over the entire pres-
sure interval and must therefore be regarded as approximate functions,
yielding only a general qualitative characteristic for the relation-
ship between the burning rate and pressure. In practical calculations
1t becomes necessary to bear in mind that the coefflcients of the burn-
ing function are themselves functions of the magnitude of pressure.

Figure 4.6 shows characteristic curves of the relationship be-
tween the burning rate and pressure for several colloldal powders.

As & result of the fact that the burning rate 1s a function of
pressure, the engine characteristics are unstable, and we also have
the fact that the actual combustlon process exhibits tendenciles to
oscillation in the case of pressure fluctuations appearing within the
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TABLE 4.6
Burning-Rate PFPunction for Several Rocket Solld Propellants

{ 2uanazon aasaennft R '
atypa sapans | SPe<p<is0 micar 4 180 majeat<p<300 wafeat
1 Mapxa tym—20°C | tem+20°C | 4m+60°C | fm—20°C | lem$20°C | fm+60°C
P 0,0683*™ | 0,0832°" | o,1011p%" - 0,0049p40,32 | 0,008p-+0,41
BN ' 0,0762%® | 0,0879,°® | 0,1016p"% - 0,0043p40,51 -
5 Measenuo ropamuit amr- | 0,0323p%™ | 0,03750°% | 0,0496"™ - 0,0029p4-0,22 -
auficknit cocran . ' .
17-H ) 0,0233%™ | 0,02700%™ | 0,03150%™ - - -
ALi-161 - 0,0207p1 - - - -
> Anranfickil  nepxaopat- - 0,0048p%¢ - - - -
Huh nopox '

1) Brand; 2) range of pressures and initial temperature of charge; 3)
P* yn £ P < 150 kg/em®; 4) 150 ke/em® < p < 300 ke/em®; 5) slow burn-
irig British composition; 6) British perchlorate powder.

engine. In this connection, there is some interest in the work being
done to find powder composlitions whose burning rate 1s independent or
virtually independent of changes in pressure withln the engine.

Ihe Burning Rate as a Functlon of the Initial Charge Temperature t,

As has already been stated, the physicochemical decomposition
processes lnvolving the components of the powder precede the actual
combustion of the powder; here, the powder components enter the solid
phase and, as a rule, the decomposition processes are accompanied by
absorption of heat. The intensity of these processes 1s a function of
the intensity of heat transfer to the surface of the grain. The lower
the initial temperature of the powder charge, the greater the quantity
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of heat that must be supplied in order for the primary reactions of
the destruction of the solid powder phase and the formation of the
vapor gas to take place. If we maintaln that the magnitude of the re-
verse heat flow from the zone of combustion to the solid phase of the
propellant 1s approximately constant (this is what 1s observed in a
solid-propellant rocket engine), it 1s easy to understand that for low
initial charge temperatures a correspondingly large heating-time in-
terval 1s required for the surface layer of the grain, as a result of
which the relative rate of the chemlcal processes resulting in the
formation of the gas phase wlll he low and, consequently, the burning
rate of the powder will also be low.

The thermal conductivity of the powder is comparatively low (in
comparison with the burning rate), so that during the burning time the
grain is not heated up, l.e., the temperature in the main part of the
grain remains virtually unchanged. Thus the relationship between the
burning rate and the initilal charge temperature 1ls preserved through-
out the entire burning time and 1t is for this reason that the second
basic characteristic of powder combustion appeais.

In first approximation we may assume that a change in the burning
rate with a change in pressure in the engine and the initial charge
temperature are mutually independent. In this case, in order to take

into consideration the effect of these two factors on the burning rate,

!
%
H

we can use two various functions, so that-
ua=u (p) | (to),
where u, 1s the burning rate; u(p’ is thé burning-rate function for
the poﬁaer; f(to) 1s a dimensionless function by means of which we
take into consideration the effect of initial charge temperature on
’ the burning rate; this function is generally referred to as the tem-
perature function of combustion.
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It is most convenient to introduce f(to) as the quantity which
indicates the extent to which the burning rate undergoes change at any
given temperature in comparison with some established rate such as,

for example, the rate at t; = +20°C (at p = const). In this case

2 (22 )
ey th=+20°) ' (4.15)

In the general practice of calculatlons f(to) 18 calculated 1in
terms of the temperature coefficient ﬁt of the burning rate in accord-
ance with the following formula:

f(to) =1+-B: (1:—20°), (4.16)
where Bt indicates the change 1n powder burning rate with a change in

charge temperature by 1° (from a temperature of +20°C),

=.-l(£| fg)""a(l’-‘o""”’) 1
P GW(Plom +B°) 44— (4.17)

In differentlal form, more sultable for the subsequent mathemati-

cal transformations,

1 &
8490 -‘T’.. (4. 18)

P~

where tz 1s the variable temperature of the charge.

Experliments have demonstrated that the temperature coefficlent of
the burning rate 1s not an absolute constant and changes somewhat with
a change in the temperature of the charge and the pressure within the
combustion chamber; however, this need not be taken into consideration
in the tentative calculatlions.

The relationship Bt = B(p) 1s important only in the case of low
pressures; 1f we neglect Bt = B(p) for pressures in excess of 50-70
kg/bma, this will have virtually no effect on the accuracy of the cal-
culation results. With respect to the relationship at = B(tz), this
will have an effect on the temperature function of the burning rate
throughout the entire possible temperature interval of rocket engine
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application. The relationship Bt = B(tz) i1s generally presented in the
following form:

( Bm— 1 -
U B2’ (4.19)

where Bt 1s some constant of the powder whose magnitude is inversely
proportional to the temperature coefficlent of the burning rate at 20°¢.

If we take (4.19) into consideration, the temperature function of
the combustion can be presented 1in the followlng form:

() =14 B, (f—20") = B'__::_.m.)?‘ — (4.20)
3
TABLE 4.7

'l’unnvyp-ull ,....:; "',.,'m' Cpeanee smavenwe

1 naTepaea 2-,,'::.“ Nlaf poero

—

~100+ —004 -7 2,2:10—3

— 40+0 -0 2,16.10-3
~10++10 0 4,6.10-
0+42 | 410 7,0-10-3
+20+4H0] 490 10,3.10-¢
40+4+80| 400 14,0.10-

1; Temperature interval, °C;
2) mean temperature interval,
tops 3) mean value of the tem-

perature coefficient.

Experiments have shown that at atmospheric pressure the relation-

|
i
!
|
!

ship Bt = B(tz) can be characterized by the indicated values of the
temperature coefficient, as presented in Table 4.7.

In tentative calculations, it may be maintained that for the ma-
Jority of colloidal powders the change in the temperature of the charge
by 1°c for the operating pressures characteristic for solid-propellant
engines changes the burning rate on the average by 0.1-0.5% (in the
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Fig. 4.7. Curves for the burn-
ing rate of colloidal powder
for various conditions of ig-
nition. 1) ty = +60°C; 2) to =

cm/sec; B) 200 p, kg/bmz. -

same direction).
Figure 4.7 shows a family of combustion curves for various initial

charge temperatures for a colloidal rocket powder.

Relationship between the Burni Rate and the Structural Features of
the Engline EComSusEIon Anomalies)

An extremely important feature of the operatlon of a rocket solid-

propellant engine 1s the relationship between the parameters of the
combustion process and, in particular, the magnitude of the burning
rate and the structural features of each specific engine and the rela-
tlionship between certaln geometric characteristics of the powder charge
and the dimensions of the combustion chamber.

From this standpoint it is interesting to point to two basic
phenomena which are observed in solid-propellant englnes: erosive burn-
ing and vibration burning (referred to as resonant burning ["chugging"
or "screaming"] in American literature).

Erosive burning. Erosive burning is observed, as a rule, at the

initlal instant of engine operation and primarily in structures in

which the magnitude of the free combustion-chamber cross section is
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somewhat greater than the area of the critical section of the nozzle.
With this relationship between the dimensions of the flowthrough sec-
tions, the velocity of the motion of the products of combustion along
the surface of the graln can increase noticeably and attain substan-
tial magnitudes in the sections of the nozzle. With sufficiently high
velocities, a local increase in burning intensity 1s observed, and
this acceleration of burning is referred to as erosive burning.

The magnitude of the linear burning rate 1n the cross sections in
which erosive burning uX takes place is proportional to the local
veloclty of the flow N

u;=n,(1+4,w,), (4.21)
where , i1s the rated (calculated) linear burning rate, without any
considé;ation of the effect of the flow of products of combustion; kv
1s the eroslve-burning coefficient; wg 1s the velocity of the stream
(flow) of the products of combustion in the given cross section.

The physical nature of the appearance of erosive burning can be
présented in the following form. Given a sufficiently high rate of gas
flow from the burning surface and comparatively small dimensions for
the flowthrough sectlons, a local increase in static pressure 1in the
stream of the products of combustion and an increase 1ln the velocity
of the flow is observed at the nozzle end of the grain. A substantial
increase in velocity results in the appearance of a nonsteady-state
turbulent boundary layer on the outer surface of the vapor-gas cloud.
An increase in static pressure and more intensive heat transfer in the
zone of combustion as a result of the turbulent mixing of the vapor-
gas layers results, in the final analysis, in an increase in the local
burning rate. A quantitative increase in the burning rate is deter-
mined by the sensitivity of the kinetics of the reactions taking place
in the vapor-gas and the powder grain to a change in pressure and in
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the heat flows in the corresponding phases of the system.

The nature of erosive burning is not yet sufficiently clear, and
various attempts at simplified calculations have not produced any sat-
isfactory results. It has, nevertheless, been confirmed that the de-
termining factors resulting in erosive burning are the parameters of
the stream of products of combustlion and the intensity of heat trans-
fer; in addition, it has been established that erosive burning becomes

noticeable only for w8 > w¥_, so that more exactly

g
“:“ua[l+kv('r—':r)v (4.22)
where w*_ is the maximum veloclity of the products-of-combustion flow,

g
at which the erosion effect 1s not observed.

Wimpress* and Green** found that for a powder of the JPN type the
quantity kv is
k, = 0.00219 sec/m.
Geckler¥*** recommends that kﬁ be assumed equal to
k, = 0.00163 sec/m.

Later investigations*#%** ghowed that the coefficient kv is a func-
tion of the velocity of the flow; the following numerical values of kv
were obtained here:

k, = 0.00245 sec/m at W = 200 m/sec

k, = 0.00225 sec/m at We = 250 m/sec

k, = 0.00214 sec/m at w, = 350 m/sec

g
(for engine pressures up to 80 kg/cm

2y,
At pressures somewhat in excess of 80 kg/bma, the coefficient kv
increases approximately to kv = 0.003 sec/m for the same velocities.
Figure 4.8 shows the curve of the relative increase in burning
rate in the case of erosive burning as a function of the velocity of
the flow. The curve was obtained for a powder that was similar in com-
position and properties to the JPN powder.
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Fig. 4.8. Curve of relative
increase in burning rate due
to eroslon for various veloc-
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products of combustion. 1)
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Fig. 4.9. Curve of pressure in
engine with intensive erosion
at initlation of combustion.

1) p, kg/cm2; 2) erosion peak
of pressure; 3) t, sec.

Figure 4.9 shows a characteristic curve for the change in pres-
sure 1n an engine in the case of intensive erosion at the initial in-
stant of burning.

An experimental investigation of erosive burning has shown that
it takes place only at the beginning of the burning process and comes
to a rapid conclusion, since the free cross section quickly increases
as the burning continues. Nevertheless, erosive-burning regimes, as a
rule, are regarded as intolerable for rocket engines. This is explained

by the fact that the appearance of an extended pressure peak which ac-
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companlies the erosive burning regime results in the need for an unjus-
tified increase in the thickness of the combustion-chamber walls, i.e.,
it results in the need to increase the weight of the engine, and this
reduces the structural and operational characteristics of the power
plant.

Erosive burning can be elimlnated or its effect can be substan-
tlally reduced by increasing the initial free cross section of the
combustion chamber, or by making possible an Intervening outflow of
the products of combustlion through the sides of the combustion chamber.
A pronounced lncrease 1ln the free cross section would not be desirable
in this case, since thls would result in a reduction of charge density
and an Increase in engine length, whereas a method of side outflow is
assoclated with additional losses. Another means of eliminating the
effect of erosive burning ls the restriction of the initial burning
surface so that the calculated (theoretical) pressure does not immedi-
ately rise to 1ts operating values after ignition. In thils case, an
increase 1in pressure as a regult of eroslive burning only offsets the
pressure, wlthout resulting in the appearance of any significant peak.*

Vibration burning (the American term is resonant burning). The

phenomenon of vibration burning 1s more complex in 1ts physical nature
and conceals great dangers. The possibility of the appearance of com-
bustion vibrations determines the degree of engine reliability, as
well as the degree of rellabllity for the entire rocket.

Vibration combustion (combustion vibration) in a solid-propellant
rocket engine occurs as a result of the dynamic actlon of the flow of
the products of combustion on the process of the burning of the operat-
ing charge. As a result of this interaction within the combustion cham-
ber intensive pressure pulses may occur, and theilr amplitudes some-
times become commengurate with the nominal values of the operating
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pressure. The presence of the above-mentioned pressure pulses 1s the
primary indication of a resonant-burning regime.

Desplte the extensive investligations, the theoretlical statements
with respect to the quantitative relationships governing resonant
(vibration) burning have not beer reliably verified to the present
time because of the difficultles that arise in setting up the corres-
ponding experiments. Moreover, the very diagram of the mechanism of
the excitation and development of unstable combustion vibrations, said
dlagram serving as the basils for the theoretical lnvestigations, 1s
essentlally hypothetical.

The clearest picture of the development of vibration burning at
some arbitrary polnt M of the grain surface can be given in the fol-
lowing form (Fig. 4.10). The random pressure disturbance whose appear-
ance l1s assoclated with the dynamics of the nonsteady-state flow of
the products of combustlon extends to the zone of solld-propellant
combugtion. Let the pressure pulse due to this disturbance be repre-
sented by the curve A. The adlabatlic compression of the combustion
zone takes place under the action of this pulse and as a result the
temperature and density of the layer of reacting gases increase. This,
in turn, results in more intensive heat transfer and an increase in
the rate of diffusion between the volumes of reactlng and nonreacting
gases. In summation, the chemical rate of the combustion reaction and
the pressure in the zone of combustion exhiblts pronounced increases,
at least temporarily. Under certain conditions, this can result in the
movement, opposite to the direction of the flow of the products of
combustion, of a reinforced pressure wave consisting of the 1nitial
wave reflected from the surface of the grain and the excess pressure
developed in the combustion zone as a result of the action of the in-

itial wave (curve B).
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Fig. 4.10. Evolution of pres-
sure pulse as 1t interacts
with the burning surface of a
solid propellant 1in the case

of an engine tendency to vibra-
tion (resonant) burning. 1)
Flow of products of combustion;
2) surface of grain.

The pressure wave B 1is propagated within the cavity of the com-
bustion chamber, it 1ls reflected from the other surfaces, and returns
to the initilal point. In thls case, 1f the returned wave C 1s less in-
tense than the 1nitial wave, the pressure osclllations at the point
under consideration will gradually be attenuated. If, however, the
parameters of the returned (reflected) wave prove to be higher than
those of the initial disturbance A, the oscilllations will begin to in-
crease., In this case, the system will be nonstable for those frequen-
cles corresponding to the frequency of the return (reflection) of the
reinforced reflected waves. The pressure oscillations will increase
until the damping or nonlinearity of the increase in burning intensity
prevent any further increase in vibration amplitude or until the com-
bustion chamber blows up.

Local changes in the linear burning rate of the grain are the ex-
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ternal indications of the effect of resonant burning; these result in
phenomena such as the so-called grain "burnouts." The nature of the
change in the linear burning rate in the case of vibrations is a func-
tion of the nature of the propellant and certain parameters of interior
engine ballistics.

In accordance with experimental data, the burning rate for col-
loidal powders, in the case of vibratlon, on the average diminishes
with low operating pressures and increases with high operating pres-

sures.*

1 pxeent

T, T 2tcex

Fig. 4.11. Curve of pressure in
engine, with pressure vibrations
at lnstants Ty and Toe

1) p, kg/bma; 2) t, sec.

Of the remaining factors which affect the nature of the change in
the burning rate on the appearance of vibrations within the engine we
should make mention of the operating pressure in the engine, the fre-
quency of the excited vibrations, the temperature of the powder charge,
the heating value of the powder, etc.

It 1s impossible to verify the quantitative relationships govern-
ing the effect that the above-enumerated factors have on the linear
burning rate, although it has been established, for example, that low-
heating-value powders and powders with metallic additives stand out
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because of thelr increased burning-rate stability in the case of ran-
dom pressure vibrations within the engine.

It 18 interesting to point out that pressure vibrations can ap-
pear in a solid-propellant rocket engine only, as a rule, at certain
identical and completely determined instants of burning time for the
given engine, and these are functlions of the dimensions of the lnner
cavity of the combustion chamber and the balllstic parameters of the
engine (Fig. U4.11). The nature of the vibrations in this case can
change from experiment to experiment.

An experimental investigation of the phenomena assoclated with
the vibration (resonant) burning regimes demonstrated* that the pres-
sure osclllations observed within the chamber generally correspond to
a certaln spectrum of sonlc frequencies. In this case, as a rule, it
becomes possible to record low frequencies. However, the appearance of
frequencles of the order of 50,000 cps and above in individual experi-
ments indicates that frequencles up to 10,000 cps, the frequenciles
most frequently encountered in practice, by no means encompass the en-
tire spectrum of probable pulsation frequenciles. The spectrum of stand-
ing pressure waves corresponds to the spectrum of observed vibration
frequencies; the nodes of the loops of these standing pressure waves
may either be stationary or they may wander and, as a rule, they do
not coinclde for waves of various tones. In this case, the amplitudes
of the oscillations may be nonidentical in various parts of the cham-
ber, even in the case of waves of one and the same tone. Vibrations
are excited generally in those croass sections of the combustion cham-
ber in which pressure-wave loops occur (and correspondingly, in which
temperature-wave loops occur, etc.).

If the combustion vibrations release heat and an additional quan-
tity of gases in exact phase with the pressure oscillations, no addi-
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tional work need be done during the cycle. If, however, the combustion-
vibration cycle 1s delayed with respect to the pressure vibrations,
additional work is carried out each time on the oscillating gas column
and the vibration amplitude increases particularly intensively. In

this case, the wave front becomes steeper and under certaln conditions
within the engine the pressure wave may even degenerate into a detona-
tlon wave. In all probability, the phase shift i1s a function simul-
taneously of the characteristics of several processes taking place

both within the gaseous products as well as within the solid mass of
the charge, and various processes may play the most lmportant role de-
pending on the type of propellant used and the parameters of the engine.

Neglecting the possibility that the engine might be destroyed,
some of the energy liberated during the burning of powder in the case
of resonant-burning regimes 1s expended on the oscillation of the col-
umn of products of combustion and 1s virtually lost in the cambustion
chamber. It 1s for thils reason that the development of effective
methods of combatlng unstable vibratlon regimes 1s of such important
practical significance.

No uniform method of eliminating the appearance of vibrations 1n
an engine has been found sincc the very nature of the phenomenon has
not been studied too thoroughly. Nevertheless, as a result of experi-
mental lnvestigations certaln measures have been discovered, and these
can stablilize the burning process with comparative reliability in in-
dividual cases. Among these measures, in the opinion of foreign spe-
claligsts, the following are the most effective.

1. The design of a combustion-chamber cavity for an engine, in
which the natural frequencles would correspond to energy excitation
levels substantially in excess of the magnitude of energy liberated
per unit time in the engine as a result of the burning of the powder.
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All random pressure vibrations are quickly damped in a combustion
chamber of this type and do not result in substantial disruption of
the engine operating regime.

This method did not find widespread application in the practice
of the design of solid-propellant rocket engines, since the utiliza-
tion of this method, as a rule, results in the reduction of the struc-
tural indices for the engilne.

2. The design of an engine in accordance with a dliagram in which
antinodes of standing pressure waves may appear in the random develop-
ment of vibrations only in those sections in which there 1s no burning.

3. The deslgn of an engine in which provision has been made for
the damping of the possible vibrations.

For example, viscous friction and heat removal may be employed in
order to damp the vibrations that can arige within an engine. In fact,
the intensity of the vibrations drops markedly 1f it becomes possible
to produce turbulence in the stream of products of combustion, and
also if there is a sufficlently large heat-removal surface in the re-
gion of the antinodes of the pressure waves. The turbulent viscous
friction, which absorbs energy, and heat removal eliminate the source
of Increased vibrations. Naturally, in thils case there 1s a pronounced
increase in the internal losses within the combustion chamber.

The results of certain gasdynamic investigations have shown that
the presence of suspended particles in the products of combustion may
be an effective means of damping the osclllations. These conclusions
were confirmed 1ln practice. Thus, for example, it was established*
that such inclusions as carbon (carbon black), aluminum, and its oxides,
and similar admixtures, introduced into the composition of the grain
in the form of a fine powder, are sufficlently effective in blocking
the development of powerful vibrations within the engine. Unfortunately,
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contemporary concepts of the mechanism of burning and its interrela-
tlonshlip with pressure vibrations makes it impossible to find any gen-
eral principles for the selection of these "blocking" additives, and
such additives are being sought only through tedlous experimentation.

4, If the burning takes place only at the surface of the inner
grain channel, an extremely effective means of stabilizing the burning
process 1s achieved by positlioning a central longitudinal rod made of
a noncombustible material in the channel or by fabricating the channel
to have a burning surface with a nonclrcular perimeter.

The mechanism of the damping of the oscillations through the in-
troduction of a central rod 1ls not yet completely clear; however, 1t
is apparent that the observed effect can be reduced to the absorption
of the vibration energy of the gas column as a result of the resonance
vibrations of the rod itself.

With the introduction of a central rod, the structural welght of
the engine is increased and so are the heat losses within the combus-
tion chamber.

5. We were able to establish that in the case of grains burning

e e %, O T 5 K ARIN U e o 3

along the surface of the channel and along the outer surface (in par-
ticular, for single-channel cylindrical grains), combustion stability
increases if smalli-bore radial holes have been cut into the grain cu-
pola. It has been established experimentally* that the optimum diam-

eter of these stabilization openings is approximately 0.30-0.45 of the

dlameter of the grain channel, and the maximum distance between these

is determined by the geometric dimensions of the lateral cross section
of the grain and the balligstic characteristics of the powder being
ugsed. It has also been established that the system of radial holes
' must be positioned along the grain, approximately along & helical line,
so that adJjacent openings exhiblt an average shift of 120° with respect
- 139 -
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to one another. In the case of powders exhibiting a heating value
ranging from 950 to 1200 kcal/kg, the optimum distance between two ad-
Jacent holes ranges from 20 to 100 mm for grains of various dimensions.
The introduction of radial holes introduces virtually no change
in the engine characteristic and produces only some additional degres-

sion of the curve p = p(t).

1pxe/ems

. A ‘ - 2teex

Fig. 4.12. Curve of pressure in the case
of intermittent burning, in an engine
with an operating pressure of p < p

> *min’
1) p, kg/em®; 2) t, sec.

Intermittent (anomalous) burning. Flnally, there is another anom-

alous burning phenomenon which 1is observed in certaln solid-propellant
engine designs and this 1s the so-called intermittent unstable burning.
; Here we are deallng with operating pressures that are below a certailn
critical value of p*min for the given engine design at which the burn-
ing concludes as the chemlical reactions of the first stage of the gas-
phase oxlidation processes alone come to a conclusion. As has already
been stated, in this case only a part of the thermal energy (corres-

ponding to the heating value of the given powder) is liberated. This

energy may not be adequate to support continuous burning, and the burn-
ing ceases. However, 1f the engine had an opportunity to warm up dur-
ing the time of the first ignition and if the 1gn1ter'gases remained
t in the combustion chamber, the burning may resume after a certain
period of time has elapsed. As a result, we observe some characteristic
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"chugging," after which either final damping takes place or an unstable
burning regime involving powerful low-frequency vibrations 1s estab-
lished (Fig. 4.12).

In order to eliminate intefmittent burning 1t becomes necessary
to increase the operating pressure in the combustion chamber or to
change the design of the engine. If such changes are undesirable, on
the basis of any considerations, 1t becomes necessary to select a new
powder composition which would provide for normal burning in the en-
gine at the selected operating pressure.

§4. THEORETICAL BASES FOR THE CAICULATION OF PRESSURE IN A SOLID-
PROPELLANT ROCKET ENGINE

Curve of Pressure Change in Engline on Combustion of Powder Charge

During the process of the burning of the powder gaseous products
are formed and these fi1ll the combustlon chamber, producing pressure.
The time change for pressure in the coanbustion chamber 1s one of the
basic operating characteristics of the englne and is obtalned in the
form of the so-called pressure curve (Fig. 4.13).

Several characteristlc sectlons can be isolated on the pressure
curve and thege characterize the varlous periods of engine operation.
The inltial pressure required for reliable burning of the operating
powder charge 1s built up in the engine during a period of time T, 8ec
through the actlon of a speclal igniter consisting of a pyrocartridge
and welghed portions of a fast-burning black powder. After a period of
T, 8ec the pressure 1in the engine attains 1ts theoretical value; how-
ever, as a rule, afterwards it continues to Iincrease for some time and
only after Tp max 5€C» having attained maximum values (ejection pres-
sure), does it begin to drop to its operating level. The time required
for the final establishment of the pressure 1ls referred to as the time
of engine entry into regime. At the end of the engine operation, upon
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Fig. 4.13. Characteristic pressure curve
for a solid-propellant rocket engine.
Tn) The time required to build up to the

operating pressure; 11) total time of
transient response (entry into regime);
Ty (Tgh)) time required for complete

combustlion and free outflow of gases
from engine; prab) operating pressure in

combustion chamber; 1) p, kg/bmz; 2)
ejection pressune; 3) the case of combus-
tion "with loop"; 4) t, sec; 5) time of
theoretical burning regime; 6) total

time of engine operation.
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Fig. 4.14. Some types of pressure curves,
encountered in solid-propellant rocket
engines of various designations. a) Pro-
gressive-burning curve; b) degressive-
burning curve; c¢) curve of burning with

two stages of thrust. A, Al, A2, B, Bl’
and 32) characteristic points on the

curve; 1) p, kg/bma; 2) t, sec.
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. cessation of burning, the pressure 1s rapidly reduced through the noz-

zle and passed into the atmosphere. Sometimes, when for some reason
solid grain residue remains in the engine upon completion of the burn-
ing process, the so-called burning "with loop" 1s observed, and here
the pressure behind the point B drops comparatively slowly and follows
no particular quantitative relationship.

The phenomenon of burning "with loop," generally speaking, 1s un-
desirable, since 1t results in great varlation in velocity at the end
of the active phase.

In addition to the curves shown in Fig. 4.13, some engines yileld
curves of another type (Fig. 4.14). However, there is no basic differ-

ence between all of the various types of possible burning curves.

The Concept of the Equation of Balance and 1its Appllcation to the
Calculation of Maximum Fressure

The pressure produced by powder gases ln an engine and the nature
of the change in pressure, in time, are determined by the balance be-
tween the influx of gases from the burning chairge and the flow rate of
the products of combustion through the nozzle.

In general form, the equation of balance for some arbitrary time
t can be expressed by the following relationship:

My+-My=M_+AM,
where M+ is the per-second influx of gases into the engine; M 1s the
per-second flow rate of gases from the engine; AM is the quantity of
gases remaining in the engine in addition to that quantity found in
the engine during the preceding instant of time; Mo 1s the gas mass in
the combustion chamber at the instant of time t.

If we assume that the powder burns in parallel layers and that
the grain 1s physically uniform, we will have

M, =1a,5S:, (4.23)
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where v 1s the specific weight of the powder; Sz is the total burning
surface; ulSz is the volume of grain burned within 1 sec.

Compi;tely analogously, for the flow rate of the gases through
the nozzle )

M_=pyp wyp osps

where P is the gas density 1n the critical section of the nozzle
(throat); Wi is the velocity of the gases in the critical section of
the nozzle; Oler is the area of the critical section of the nozzle.

The gas parameters in the critical section (throat) can be ex-
pressed in terms of certain gas-mixture constants and in terms of the
parameters of the products of combustion in the combustion chamber of

the engine. For example, for Py WE willl have

»
rr=ti(3 ) (4.24)
where Po i1s the gas density in the combustion chamber of the engine;
k = cp/'cv is the index of the combustion process.
If we assume that the state of the gases 1n the englne can be
described by the following equation

Peve=RT,,
and 1f we bear in mind that
o=
we will obtain
’ . LJ
=) (1.25)

where Pg 1s the pressure in the combustion chamber; R is the gas con-
stant of the products of powder combustion; To is the temperature in
the combustion chamber.

The critical velocity i1s determined by the following relationship:
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o, = -—2._.- ch
» l/a+1‘ ¢ (4.26)

If we substitute (4.25) and (4.26) into the expression for the
per-second flow rate of the gases through the nozzle, we will find

&
) 2 \F7 2% :
M— = PypWypyp = "%% (m) b_-l-l. 4 RTO %

or after transformation

vV kT Ponp- (4.27)

The coefficient

)Y

Y RT,
1s approximately constant and 1s referred to as the coefficient of ex-
haust discharge (outflow) and for various flows averages

A = 6-10 g/kg*sec.

If we neglect the mass MO of the gases, which was found in the
combustion chamber of the engine prior to 1nitlation of combustion,
the equation of the balance of the gases in the engine during the time
At will be found in the following form if we take into consideration

(4.23) and (4.27):
18,53 At = Apyo,, At +AM.
let us express the mass AM 1in terms of the parameters of the in-
terlor ballistics of the engine. For this purpose, let us examine the
equation of state written for the entire volume of the combustion cham-
ber:
Po Uxc=MRT,,
where v'k's is the free volume of the combustion chamber; M is the gas
mﬁss within the volume v'k_'s at an arbitrary instant of time t.
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In accordance with this equation, the change in the mass of the
gases in time 1s determined by the derivative

‘_"_gi(ﬂ)a_b_ﬂt e dpy
dt  dt\ RT,/ RTy dt ' RT, &'

il.e., for At it amounts to

=f(_Po “;.e ”;.e d, .
am=(L- 2 e j})u  (1.28)

Now, the balance equation will be

— . R ‘":t.e Yx.e ’ dp )
18,53 8= APy “+(Rfo « T RT, &t o

or

. . ‘.;,e ';.! 4
‘n‘S|—AP°°.,+-Rb;°' dt + Rro —u%,' ( )'"o 29)

where (po/RTo)(dv'k.s/at) accounts for the quantity of gases used to
£111 the volume of combustion chamber which becomes free as the grain
is consumed; (v'k.s/RTo)(dpo/dt) accounts for the quantity of gases
used to increase the pressure within the volume of the combustion
chamber.

Generally, Eq. (4.29) is transformed as follows:
» _ RTg —B2_\_Ap.
=[S (1= 5) ~4ea). (4.30)

for which it is enough to use

do, .
w S

which 1s valid, since a change in volume 1s determined only by the
burning up of the powder grain.

In the form of (4.30), the balance equation 1s a differential
equation for p = p(t). This equation is solved most simply by the
methods of numerical integration, for which it is convenient to pre-
gent 1t in the following form

ap = [, (051~ £il)— Ap ()] 1 (4.31)
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and to assume the following as the initial data: (p)O is some initial

. pressure; (Sz)o is the initlal total burning surface; A, v, fp
f
: uy = u(p) are characteristics of the powder used in the engine; (Vk.s)O’

= RTo,

Oy &re the structural parameters of the engine.
The pressure at any kth instant of engine operation is determined
in accordance with the following formula
' Pr=pr +Ap,
where |
p1=(p)o+Ap.

Equation (4.30) may be used not only for the derivation of the
curve for the change 1n pressure ln the engine, but for the calcula-
tion of the magnitude of the maximum pressure Ppax’ In fact, the con-
dition for the maximum of the function p = p(t) will be

2~

which for RT, #£ 0 and Ve s # O ylelds

- Pmax )\ _ — 4,32
6,5 (l 1;;: ) Ap_“q.’_o. ( 3 )
If we bear in mind that for conventional powders v = 1.6 g/bms,

= 85,000 kg-m/kg, the term pmax/wRTO = pmax/136’000 of Relationship
(4.32) at pressures ranging from 100 to 150 atm can be neglected and
can be used 1n simplified form:
8,1S1=ADpys0yy. (4.33)
From (4.33) the quantity Ppax fOr the power function of burning
ul = u;p f(to) is defined as follows:

['l'lf(‘.’ss
(4.34')

and for the linear burning function u(ap + b)f(to)

‘ﬂ‘n‘
. 1
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Fig. 4.15a. The nature of the
relationship between the burn-
ing rate of nitroglycerine pow-
der and the initial charge tem-
perature at p = const.

pre/ex®

Ve

v

W0 - 0 2 0T

Fig. 4.15b. The nature of the
relationship between the operat-
ing pressure 1n the engine and
the 1nitial temperature of the
powder charge.
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Since the expressions for the calculation of Ppax Were obtained

by using the empirical formulas for the burning rate, a mathematical
analysis of the relationships (4.34") and (4.34') 18 difficult. Never-
theless, we may arrive at the conclusion that one of the significant
parameters of the engine, which affects the quantity Phax? i1s the
ratio of the burning surface to o,,,. With an increase in (sz °kr) the
pressure maximum in the engine increases and Relationship (4.34") in-
dicates directly the existence of some l1limit value of (Sz akr) at
which the pressure p,, . = ». The maximum value of (Sz/bkr) is deter-
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mined from the following condition

A 1
= e — 1 =0,
ay Syleup S (t)
l.e., it amounts to ,
Sy =4 .
(:;,f).,,,,. aft) (4.35)

Magnitude of Pressure in Combustion Chamber as a Function of Initial
rge Temperature

An important feature and a baslic serious shortcoming of a solid-
propellant rocket engine 1is the strong relationshlp between the operat-
ing pressure and the lnitial charge temperature. This relationship is
explalned by the effect that the 1nitlal temperature of the charge has
on the burning rate of the powder (Fig. 4.15a) and which at O)y = const
results in significant varlations 1in thrust, burning rate, etc., for
varlous temperature condltlons of englne operation.

Figure 4.15b presents a characteristic curve which illustrates
the operating pressure in the combustion chamber of the engine (operat-
ing on solid propellants) as a function of the initial temperature of
the powder charge. We can see from the curve that 1a the temperature
interval of_ihooc the pressure in the englne, and consequently, the
magnitude of thrust, can change by a factor of almost two, and this
will, of course, result in a reduction of the combat and operational
characterigtics of the weapon.

Formulas (4.34') and (4.34") make it possible to obtain the rela-
tionship between the pressure and the temperature of the charge in ex-
plicit form.

In fact, with a power burning function for a certain charge tem-
perature we will have

[
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and for t = +20°C

)
u1Sy ]T=

Ay

.Pﬂo"‘[

whence

X 1
i 8, (te) Sy T—

2 = f_’!l— — —'v
- [ e I/ ()™,
— . :

i.e., taking into consideration (4.20)

. )
’ , 8, 1)
Pt.=P+w[B——————'_“°__w)] . (4.36')

Accordingly, for the case of a linear burning function
’

o S R RS TR
o Sylen/ () 3 Sjlepfle) b
Prrp= A l‘ Pl
’ T‘l— s:l'ly v

From the last we will determine

[ ]
A 1 _ 1 e il
N Syl Pugy O Prowr

and, substituting this expression into the formula for Py » we will
0

obtain
1 - P300S (to)

1= Pyse 11— £ o)

P,= A
1+-=»

: [ Rk | _.

Piw J(t) b

which ylelds the following, if we take into consideration (4.20)

.
P e : (4.36")
Br—(lo—20°) — - Py (o —2°)

It sometimes becomes necessary to assume the pressure for a cer-
tain temperature to, but not in accordance with 1ts value at to = +20°C,
but in accordance with its value at the lowest extreme temperature,
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i.e., to = =40°¢c. Corresponding calculation relationships are easily
obtalned from the relationships presented above. We will present these

without drawing any conclusions:

1
By 600 1T

. PI.=P-40'["—————_(‘°-W) ’ (u. 37 1 )
p=p-w 2 B, 600 . (4.37")

By (0~ 2)+ 5 p_ g (lo— 40

In analogy with the relationship between the initial temperature
of the charge and the llnear burning rate of the powder, the relation-
ship between temperature and pressure 1s frequently given by means of

the so-called temperature pressure gradient, which is introduced in
the following form

L

o dty
using this to characterize the relative intensity of the pressure in-
crease 1in the engine with some change in the initlal temperature of
the charge. If we use (4.36') and (4.36"), we will obtain the follow-
ing for the corresponding burning functions:

1 dp 1 1 .
Fowr o I—vB—(—2)' - (4.38")
i
r_ap_ - Vet

3 . u. 8"
Py S 36—('0‘—.20')4'":-’4'”(‘—”') ‘ ( 3 )

We can see from these formulas that the sensitivity of pressure
to changes in temperature 1s all the greater the higher the tempera-
ture and the greater the pressure in the engine.

Formula (4.38') makes it possible to establish & direct link be-
tween the temperature pressure gradient and a change in the burning

rate: .
1 & 1 1 ds
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where use 1is made of
1 ll_ 1
By dls  Bi—(lo—2")"

If we bear in mind that v = 2/3-3/4, we will see that

L S/ BrL S\ S SR
’_':”- d‘. ( + )a+”o "' !

l.e., with a change 1n the initial temperature of the charge, pressure
changes substantially more lintensively than does the burning rate of
the powder.

The temperature pressure gradient d(1ln p)/'dtz for certailn powders
amounts to:

for JP powder — 0.0126;

for JPN powder — 0.0162;

for ALt-161 composite powder (propellant) — 0.0036;

for British perchlorate powder — 0.0038.

The development of variable (controlled) nozzles or the utiliza-
tion of demountable nozzle assemblles are the only ways of stabilizing
the parameters of interlor hallistlcs in the given temperature inter-
val of rocket operation. Consequently, a reduction or an increase in
the area of the critical section of the nozzle (throat) with minus or
plus temperatures, demountable or variable nozzles make it possible to
maintain the approximate constancy of pressure within the given tem-
perature interval.*®*

The limited utilization of these two methods 1s explained by the
fact that the design of variable, and particularly of automatically
variable, nozzles is associated with certain difficulties, and the
utilization of demountable nozzles reduces the mobility of the weapon.

Sensitivity of Maximum Pressure to Changes in Charge and Engine
ameters

The following expression 1s referred to, in mathematics, as the
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sensitivity of the function y = £(x) to its argument (the logarithmic

derivative)

i
el

The quantity e characterizes the relative change of the function
for some relative change in the argument. It is easy to check that the
sensitivity of the exponentlal function y = " 1s equal to the exponent:

(= nx"—ldx
[l : ']
e=—= d == d —cz=
dx dx
X - F 4

Let us use the concept of the sensitivity of the function to 1its
argument to investigate the features of engines operating on solid
propeilants.

In accordance with (4.34') the maximum pressure in the combustion
chamber of the engine, for a given powder, is the function having the
following parameters

Paas=P(Ssr Sy b
where SZ and to are the parameters of the powder charge; Ol is the
structural parameter of the combustion chamber.

Since this function is exponential

1
8353/ (fa) 11—
Pm"[-l—-‘:—— 0

its sengitivity to a change in the corresponding parameters in the
charge in the engine will be equal to the exponent, i.e.,

um 1[5 S , eo].
Pz 1—v]| & “p S (o)

or, in finite differences

a1 [43 Mo AVGNI)
N D) } (4. 40t)

One of the features of the operatlion of a solid-propellant rocket
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engine is the high sensitivity of the maximum pressure within this en-
gine to changes in the parameters for the charge and the engine. In

fact, since for contemporary powders v = 2/3-3/4,

Spmas = 4-AV G
Pun @3- 4) J(ts) ]

For & linear burning function the sensitivity of pressure to a
change in the corresponding parameters 1s most easily found if we ap-
proximate the linear function of some power function in accordance

with ~
ap+b=ﬂ|p' »

—};(ap+b)=;‘-‘;(u.ﬁ)-

From the lagt equation

after which 1t is easy to obtain

N 1
-~ .

an ~
- == -—'—
~ [}
o+h "p' »

whence ; is determined in the following form:

Ve

ap+d’
Thus over a small interval of changes in pressure the linear
burning function
u-qp{Jb
can be replaced by the power function of the following form

-,

B=8,p
For the approximate function, the sensitivity of pressure 1s de-

fined as
le=v

l.e., 1t amounts to
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Thus, for the linear burning-rate function of the powder

oy _ap+0| 8855 Awy  a[r() '
Pau b l,S. [ + 1o | (4.40")

It follows from (4.40") that the sensitivity of the maximum pres-
sure to changes in the parameters of the charge and the engine is a
functlion not only of the propertles of the powder but of the absolute
pressure in the englne as well.

In actual practice it 1s desirable to have an engine exhlibiting
low sensitivity of pressure within the combustion chamber to changes
in the charge and englne parameters, since in this case the englne
characteristics would be more stable. Relationships (4.40') and (4.40")
indicate that 1n order to achleve this situation it 1s necessary to
operate at low pressures and to have powders exhibiting minimum coeffl-
clents v and burning-rate functions a/b.

Stability of Steady-State Pressure ln the Combustion Chamber

Under certaln conditlions, steady-state pressure Pgy in the com-
buation chamber of a solid-propellant rocket engine exhibits the prop-
erty of stabllity, l.e., pressure 1s maintained constant for the case
of random pressure ogcillations.

The mechanlism of stabllity for steady-state pressure is obvious
from Fig. 4.16. From the curves shown in this figure we can see that
at pressures p < Pgi» the influx of gases from the powder grain ex-
ceeds the flow rate (outflow), whereas in the case of p > Pgt» M > M+.
This results in the fact that in the case of a random pressure drop in
the engine, the excess influx of gases again raises the pressure to
Pgt? and vice versa, in the case of a random pressure rise, the flow

rate (outflow) increases substantially more intensively than does the
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Fig. 4.16. Curves which explain the mechanism
of the stabillity of steady-state pressure in
the combustion chamber of a solid-propellant

rocket engine. a) In the case of the power
burning-rate function u; = u;p; b) in the case

of the linear burning-rate function u; = ap +

+ b; 26) the interval of possible pressure os-
cillations.

Fig. 4.17. Relationship M =

= M(p) for engines with vari-

ous o 1) Increase in Ol
inflow, and the excess pressure is dissipated, so that an operating
pressure equal to Pgt 18 established.

As we can see, the existence of steady-state pressure and its
stability is wholly determined by the nature of the relationship be-
tween pressure and M_ and M_.

In accordance with (4.27) and the remarks made with respect to
the outflow coefficient

M_ = (6-10) 1073 P kg/sec,
i.e., the character of M_(p) is virtually a function only of the dimen-
sion of the critical section of the engine nozzle (throat); for various
Oyp? this equation is satisfied by the family of curves shown in Fig. 4,17
- 156 -
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The inflow of gases 1s determined by the following relationship:
M-l-“‘?"sl.
l.e., 1t wlll be M+ = 'yszulpV for the power burning-rate function and
M, = ysz(ap + b) for the linear burning-rate function.

In both cases, the form of the functional relationship M+ = M(p)
1s determined by the relationships between the coefficlents in the
burning-rate functlon for the powder.

Two families of curves correspond to the equation

M =15, p" = kp';
the first family for v < 1, and the second family, for v > 1 (Fig.
4,18). A comparison of the curves M, = M(p) for the power burning-rate
function of the powder with the outflow characteristic M_= M(p) for
the given engline indlcates that 1n the case of either v<lor v > 1
there exists a point which corresponds to a steady-state regime of en-
glne operation. However, this point exhibits the property of stability
only in the case of v < 1. In fact, we can see from Fig. 4.19 that
when v > 1, the mutual relationship between M+(p) and M _(p) 1s such
that in the case of a random change 1n pressure, the system will tend
to increase the difference so that in the final analysls the pressure

wlll eilther fall or increase without limit.

Fig. 4.18. Relationship M, =

= M(p) for powders with a
power burning-rate function.
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Fig. 4.19. Instability of
steady-state pressure 1n an
engine, for v > 1.

Thus the steady-state pressure 1n the combustion chamber of a
solid-propellant rocket engine exhibits the property of stabllity 1if
the exponent v in the burning-rate function of ‘the powder 1s less than
one (v < 1).

We can see from Fig. 4.20 that, all other conditions being equal,
the absolute magnitude of the steady-state pressure is all the lower
the lower the absolute value of v.

In the case of a llnear burning-rate functlon, the curves for the
inflow of gases form the family shown in Fig. 4.21. Only the curves
with 2 > O, in this famlily, have any real meaning. In the case of a = O
we will be dealing with an ideal powder whose burning rate is not a
function of pressure, whereas in the case of a < 0 we will be dealing
with a powder whose burning rate must be diminished as pressure in-
creases, and this 1s in poor agreement with the adopted hypotheses on
the mechanism of the burning rate as a function of pressure, and more-
over this 1s never observed in practice.

It follows from Fig. 4.22 that steady-state pressure in the com-
bustion chamber 1s lower, the lower the coefficlent a (or the ratio
a/b) in the burning-rate function of the powder, and that there exists
a certain limit steady-state pressure p*st such that for p > p*Bt en-
gine operation is impossible. With a given brand of powder, steady-
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state pressure is a function of the shape of the flow-rate (outflow)
engine characteristic; there exists & certain limit steady-state pres-
sure at which it corresponds, even in thils case, to conditlons under
which

s. A

wp a1f(te)’
and this has already been obtalned earlier (4.35).

. M-
Y | 0 ]
0. : —v. M{
v,
. P |Pa A
I 4

Fig. 4.20. Magnitude of steady-
state pressure as a function

of the exponent in the burning-
rate function for the powder.
v, v", v'") are the values of
the exponent in the burning-
rate function; p'st’ p"st,

and p'"st) are the correspond-
ing steady-state pressures.

-
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Fig. 4.21. Relationship M =

= M(p) for powders having a

linear burning-rate function.
a and b) coefficients of the
linear burning-rate function.
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Fig. 4.22. Magnitude of steady-state pressure
as a functlion of the coerfficlents of the lin-
ear burning-rate function and the structural
features of the engine. a) The case in which
various powders are utilized; b) the case of
burning in engilnes exhibiting various flow-
rate characterlstics.

In the final analysis, we come to the conclusion that stability
of steady-state pressure in the engine 1s a function of the relation-
ship of several charge and engine parameters and of the properties of
the brand of powder selected. For stablllity of steady-state pressure
Pgt the ratio between the magnitude of the total burning surface of
the charge and the area of the critical section of the nozzle should
not exceed a certain 1limit value and the coefficients v and a/b of the
burning-rate function for the powder should be as small as possible,
and that in any event the following conditions should be satisfled:

v<l1,
a/b < 1.

Selection of Operating Pressure in Engine

The relationship between the nature of combustion and the burning
rate of the working charge and the pressure within the combustion
chamber indicates that essentially pressure within the combustion cham-
ber is a parameter which wholly determines the operation of a solid-
propellant rocket engine, since the burning of the powder may be re-

‘ garded as a basic process within the engine. Therefore, the designation
of a magnitude for the operating pressure in the combustion chamber 1is
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one of the most important points in the design of a solid-propellant
rocket engine. In the selection of the operating pressure we encounter
a great many, frequently contradictory, requirements, so that it is
virtually impossible to propose some general method for the selection
of the optimum operating pressure. The magnitude of the operating pres-
sure must be selected each time for speciflc conditions as given by

the tactical-technical requilrements, 1solating the group of require-
ments which 1s most important for the given case. The baslc concepts
for the selection of the operating pressure can be formulated in the
following form:

1) the operating pressure must exceed some maximum value of p*min
in order to guarantee stable and uniform combustion of the working
powder charge at gilven charge temperatures;

2) the operating pressure must be sufficlently high i1f the engine
is to attaln a comparatively high specific impulse;

3) with an increase in operating pressure the required structural
welght of the power plant also increases, and thls reduces the effi-
clency of the englne, even if the ballistic characterlstics are great;

4) 1f 1t 1is necessary to provide for a definite time of burning
in the case of limited engine dimensions, the pressure 1s selected so
as to have a burning rate that corresponds to this pressure, thus mak-
ing it possible to attain the glven englne operating time;

5) the thrust of the rocket engine is directly proportional to
the pressure 1n the combustion chamber; therefore, 1f the magnitude of
thrust 1s uniquely defined, 1t becomes necessary to select a pressure
for which consideration has been given to its effect on the thrust.

The lower boundary of permissible pressure. The tendency of a

solid-propellant engine to anomalous intermittent burning in the region
of low pressures requires that an operating pressure be designated in
- 161 -
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excess of a certain p*min’ determined experimentally for each powder
= composition. As has already been indicated, for the majority of rocket
colloidal powders, the quantity p*min averages 15-35 atm.
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Fig. 4.23. Lower boundary of
permissible pressure in an en-
gine for one of the colloidal-
type powder compositions. 1)

to = —20°C; 2) ty = +20°C; 3)
tg = +60°C; A) region of pres-

sures providing for stable
burning of a powder of a given
brand.

In design practice and the testing of solid-propellant rocket en-
gines we observe cases in which intermittent burning took place even
at pressures in excess of p*min' These facts proved mysterious for a
long period of time and were regarded as chance occurrences. However,
a more careful examination of the cases of anomalous burning at pres-
sures of p > p*min made it possible to establish that the lower bound-
ary of operating pressures is a strong function of the conditions of
, powder ignition and the structural features of the charge in the en-
§ gine. The basic factors which determine the true p*min = £ (the operat-
ing conditions of an actual engine), were the initial temperature of
( the charge and the ratio between the total burning surface of a work-
ing charge and the magnitude of the free cross section of the cambus-
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tion chamber. It was established that at low charge temperatures,
higher operating pressures are needed for normal burning in an engine
and for engines exhibiting high values of the parameter Ssor/'Fsv the

increases sharply (S is the burning surface, F

min gor
18 the free cross section of the combustion chamber).

¥*

permissible p 8v
Thus for the given brand of powder the lower boundary of permis-

sible operating pressures must be determined by taking into considera-

tion the given temperature interval of englne operation and the struc-

tural features of the engine:

= owder ﬁﬁL

For practlical calculatlions it 1is convenlent to make use of spe-
clal curves which delineate the region of pressures which guarantee
the continuous burning of a powder of a certain brand in a specific
engine for various relationships between the dimensions of the charge
and the combustion chamber. These curves are constructed on the basils
of data obtalned 1n special tests of powder for various to and
Sgor/Fsv’ sald curves being parabolic in shape as shown in Fig. 4.23.

We can see from Fig. 4.23 that if the designs of the charge and
the engine are known, i.e., if the ratio S

gor

the given temperature interval (t0 min—"to max) the pressure p* ,

uniquely defined as the point of Intersection between the ordinates

/Fsv is known, then for
is

corresponding to the given Sgor/Fsv and the curve for to min® It should
be borne in mind that the ratio Ssor/'Fsv changes with time and here,

as a rule, it also diminishes. This results in a situation in which,

if a certaln pressure p has been selected so as to assure continuous
burning for (sgor/rsv)t=0’ as the burning of the charge continues the
stabllity conditions are not disrupted.

A more general case for the design process of a solid-propellant
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rocket engine is the case in which the quantity S can be made

gor/Fsv
to vary. In this case, as can be seen from Fig. 4.23, there exists a
multiplicity of points which provide for conditlons of stable.burning.
If no additional requirements are imposed on the magnitude of the
operating pressure, then of these polnts 1t is expedient to examine
those points along the boundary of the region of stable burning, saild
points corresponding to the minimum temperature of the given tempera-
ture range of engine operation. In this case, the problem 1s to select
a certain optimum pair (p*min’ Sgor/Fsv)’

For fileld reaction-thrust armament, one of the basic characterils-
tics of efficlency 1s the maximum range of misslle flight, which for a
certain given weight 1s determined by the veloclity of the missile at
the end of the active phase of the trajectory and by some secondary

parameters.

An analysis of Tslokovskliy's formula
o
Oe ™1, ln(l +:-).

where uy 1s the gas-exhaust veloclty; qp is the passive welght of the
rocket, shows that the maximum velocity of the missile, which deter-
mines 1ts effective range, 1s the greater the smaller the structural
weight of the missile (at w = const). On the other hand, we can see
from the design of a solid-propellant reaction-thrust missile that the
baslic part of the structural weight 1s the welght of the rocket com-
bustion chamber, and the latter in turn is determined by the thickness
of the combustion-chamber walls and the length of the chamber itself.
Consequently, in order to increase the maximum velocity of the missile
it 1s necessary to make the cambustion chamber so as to have a minimum
wall thickness and a minimum length.

The thickness cf the walls in the combustion chamber are selected
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on the basis of combustion-chamber strength under the action of a
glven pressure within the engine; in this case, to make an englne with
walls of minimum thickness 1t 18 necessary for the working pressure in
the englne to be at a minimum.

The length of the combustion chamber 1s determined primarily by
the length lsh of the powder grains. The latter, with a given total

powder welght w, amounts to

ly=—

Maty '

where ¢ 1s the specific weight of the powder; ng 8¢ is the area of the
lateral cross sectlon of the charge consisting of Non grains, with a
butt-end area of 8¢ for each grailn.

It 1s evident that for a combustion chamber with an inside diam-

eter Dk
=D}
Rude=—4 "le»
l.e.,
[ == 1
» 1 ';;Bi""' ~e

We can see from the formula that at w = const and a given dlameter
for the 1nner cavlty of the combustion chamber, the length of the pow-
der grain is all the smaller the lower the magnitude of Fsv’ i.e., the
greater the ratio Sgor/Psv' Therefore, in order to obtain an englne of
minimum length it 1s necessary to assume a high value for the ratio
sgor/Fsv in the design stage.

Thus the greatest veloclty at the end of the active phase would
be exhibited by missiles designed so as to have the lowest possible
operating pressures, and further designed so as to exhibit the highest
possible parameter Sgor/Fsv‘

However, in the case of such a missile, as can be seen from Fig.

- 165 -




PTRe——T SR

4,23, the process of the burning of the propellant would be unstable,
since the operating point M of the process would be situated in the
unstable region.

It follows from what has been sald above that with the selected
brand of powder (or the brand of powder stipulated in the tactical-
technical requirements) the minimum possible pressure in the combustion
chamber 1s estimated on the baslis of the conditlons which specify that
the missile exhibit adequate velocity at the end of the active phase
of the trajectory and, consequently, exhibit the required flight range.

A practlcal evaluation of the minimum permissible pressure can be
reduced to the following. Several pairs (p*min’ Sgor/Fsv) are assumed
on the curve which delineates the reglon of unstable burning for the

given brand of powder:
(Paist SroplFea)s
(P SroplFads-

For each of these pairs of parameters the required wall thickness
5 of the engine 1s calculated (according to pressure) and the required
length of grain and engine is determined (in accordance with the ratio
sgor/Fsv)'

In conclusion, some pair of dimensions (6,;) will correspond to
each pair (p* ., , Sgor/Fsv)’ and these dimensions will determine the
welght of the combustion chamber. Those values of p*min and Sgor/Fsv
are selected for which the welght of the engine will be at its minimum.

The p*min and Sgor/Fsv selected in this manner can be corrected later
on; in this case, the pressure can be increased somewhat, 1if p*min

fails to provide the required magnitude of engine thrust or specific
impulse, or sgor/Fsv can be changed in order to obtain the required
over-all missile parameters.
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Fig. 4.24, Means of stabiliz-
ing burning at the initial in-
stant of engine operation. 1)
Restriction of burning surface
at lnitial instant, by coating
the charge; 2) increase of
pressure at initlal instant,
by means of Iignilter.

We should devote attention to the fact that if the final selection
of the inltial operating point M exceeds somewhat the boundary of sta-
ble burning, the burning of the powder charge 1in certain cases can
nevertheless be stabilized; in this case, the following methods have
proved to be the most effective:

1) increasing the weighed portions of the igniter in order to
develop a pressure greater than p*min at the 1nitlal instant and so as
to have the point M enter the region of unstable burning;

2) the coating of a part of the grain surface, sald coating to
cover the 1initial burning surface, which will also serve to shift the
point M into the region of unstable burning (Fig. 4.24).

The upper limit of pressure jn the engine. One of the consldera-

tions which restricts the magnitude of the upper limit of the operat-
ing pressure is (from the standpoint of the interior ballistics of the
engine) the requirement to provide for a given burning time of a charge
(grain) of some selected configuration, i.e., the required time of en-
gine operation.
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The engine-operating time as a function of the operating pressure
is governed by the fact that the burning rate of the powder is a func-
tlon of pressure. In fact, a grain weighing w burns in the engine dur-

ing the time
ta—.— .
L
where Wyee 1s the per-second mass flow rate of propellant.

For any powder grain configuration, in first approximation, we
may assume that
Geex == 8,537,
where uy 1s the burning rate; Sz is the total burning surface of the
grain; ; is the speclfic welght of the propellant, 1i.e.,

s

uSyy ’
and slnce
u=u (p),
the burning time of the grain will be a strong function of pressure.
Let
u (p) =u, p~.
The maximum upper pressure in the engine, whose operating time is
glven ag being equal to 1, will be

Pln-!;ﬁi; ",
or 1f we take into consideration that the engine is functioning under
condltlons of various temperatures,
s L
p;n-m]'._ (4.41")
With a linear burning-rate function

ton —

- - L
aSy1. (0 +0)/ (o um) 831
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and
[ Y S
=t (570 — %) (4.41")
It 1s natural, of course, that 1f both the working pressure Prap
and the time t are either given or selected for the engine, then the
above relatlionships will make 1t possible to evaluate the required mag-

nitude of burning surface which 1s defined as follows for the two burn-

Ing-rate functions:

R TPy T (4.42)

The final selection of the operating pressure on the basis of the

limiting range of 1ts extreme values

Pan €SP < Pru
1s carried out at a much later stage of'the engine design and, as a
rule, here we take 1lnto consideration the results obtained in test-
stand firings of experimental engine models.
§5. BASIC RELATIONSHIPS FOR THE THEORY OF GAS OUTFLOW FROM AN ENGINE

The operation of a solid-propellant rocket engine can be pre-
sented schematically as a combination of two Interrelated processes —
thé burning of the powder and the movement (outflow) of the products
of combustion from the combustion chamber. In this case, the reaction
force that results in the motion of the rocket or of some other spe-
clal installation comes about directly as a result of the outflow of
the products of powder combustion.

We know from the theory of Jet engines that the effectiveness
(thrust) of an engine of this type is a function of a great many fac-
tors, but is determined primarily by the parameters of the exhaust gas
stream and certain structural characteristics of the rocket. It has
also been establigshed that of all the parameters of the stream the most
important are the veloclty of the products of combustion at the outlet
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from the engine, and in thils case the engine 1is all the more effective
the higher this exhaust velocity.

To Increase the exhaust veloclity at the outlet from the combus-
tion chamber, special flttings are installed, and these are called
nozzles. They make it possible to increase the velocity of the flow of
the products of combustion to 1500-2500 m/sec.

Elements of the Theory of an Ideal Supersonic Nozzle

The study of the quantitative relatlonships governing the motion
of gases and gaseous mixtures indicates that there exist two types of
flows which exhiblt basic differences between one another.

With low velocitles of motlon, gases behave virtually like an
ldeal Incompressible fluld and are subjJect to the basilic quantitative
relationships of hydrodynamics. However, as soon as the veloclty of
the gas motlon begins to increase and exceed a certaln maximum limit,
the effect of compressibillity introduces such unique features into the
nature of the gas flow — such baslic qualitative changes of the flow —
that the corresponding flow must be regarded as a speclal flow which
is subject to specific laws which are different from the laws of hydro-
mechanics.

It turned out that the maximum velocity which separates these two

types of flows 1s the veloclty of sound propagation ln the glven gas
or gaseous mixture. The respective flows are generally referred to as
subsonic or supersonic.

Without dwelling in detall on an examlnation of the features of

subsonlc or supersonic flows, we will point out only that with respect

to the problem of interest to us, l.e., the acceleration of the flow,

the following has been established: in order to increase the velocity
!: of the flow in the case of subsonic flow, it is necessary to compress

the stream, whereas in the case of supersonic flow the stream must,
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conversely, be expanded. In this case, the mathematical relationship
between the velocity of gas motion and the area of the flow cross sec-

tion takes the following form:

A+l

A—1  \TE-I)
e (477 M
’i,;"—’ a1 —g:._*_Ti,— ’ (4.43')
()

where F 18 the area of the flow 1in some section of the gas stream; Fkr
is the area of the stream section in which the velocity of the gas mo-
tion 1s equal to the critical velocity, 1l.e., the veloclty of sound
propagation in this gas; M 1s the dimensionless gas veloclty in the
cross section of the stream having s flow area F (the M(ach) number of

the flow);
M=2.

W 1s the veloclty of gas motion in the cross section under considera-
tion; a,, is the speed of sound in this same cross sectlon; k 1s the

exponent for the process of the expansion of the gas flow.

ot T fli"

—

M

© - ta e W

sl

Fig. 4.25. Dimensionless area
of the lateral cross section
of the flow as a function of
the dimensionless velocity M
of the flow. a; Range of sub-
sonic flows; b) supersonic
flows.

Relationship (4.43) 1is expediently presented graphically (Fig.

C

4,25) for purposes of analysis. From the graph we can see that in the
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cross section F/F'kr =1, t.e., F = F,a critical flow regime is es-

tablished (M =1), i.e., w = a,, At velocities w < a lower ratios

zv’
of F/'Fkr correspond to greater velocities (greater M(ach) numbers),
l.e., to accelerate the stream in this range of velocltles it is nec-
essary to compress the flow in accordance with the left-hand branch of
the curve. On the other hand, when w > a . greater ratios of F/Fkr
correspond to higher M(ach) numbers, 1.e., to accelerate the flow in
the case of velocitles greater than the speed of sound 1t 1s necessary
to expand the flow, in accordance with the right-hand branch of the
curve.

In accordance wlth this, a supersonic nozzle intended to acceler-
ate the flow of the products of combustion from velocitles of the or-
der of several tens of meters per second to supersonic velocltles, is
given a complex shape (profile) which can conditionally be divided
into three sections:

— the inlet sectlon of the nozzle, with a converging channel;

— the outlet sectlion of the nozzle, with a diverging channel;

— the critical section of the nozzle (throat), with a channel of
minimum cross section.

Relationship (4.43) makes it possible to calculate the velocity
of the gas flow 1n any sectlion of the nozzle, i1f the configuration of
the nozzle 1s known. This same relationship can be used to determine
the shape (dimensions) of the nozzle, said information necessary in
order to obtain the required flow velocities in the corresponding sec-
tions of the nozzle. Strictly speaking, Relationship (4.43) 1s valid
only in the absence of losses in the stream, i.e., with a change in
the state of the gas 1in accordance with an ideal adiabatic curve. It
is for this reason that this curve describes the process of gas accel-
eration only for an ideal nozzle.
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Gas-Flow Parameters in the Critical Cross Section of the Nozzle

In the theory of gasdynamics, in which we study supersonic flows
of gases, 1t 1s demonstrated that the parameters of the gas stream in
the critical section of a supersonic nozzle depend only on the gas
parameters in the combustion chamber and the exponent for the process

of gas expansion:

(4. 44)

,‘L.__(_ki_'_)’f

akp 2 J

where Pgs Pos TO’ and a, are the parameters of the gas mixture of the
products of combustion; Pyps Pip? and Tkr are the parameters of the
flow of the products of combustion in the critical section of the noz-
zle; akr(wkr) 1s the critical speed of sound.

Using (4.44) and bearing in mind that for an adiabatic process
the speed of sound azv,==J kgRT, we can easlly obtalin a calculatilon
formula of the followlng form for the critical velocity of the flow:

R A (4.45)

In addition to the dimensionless flow velocity M = w/a.zv it 1s
convenient to introduce the relative magnitude

=(or 2,
which indicates by how many times the veloclity of the stream in some
section differs from the velocity of the stream in the critical sec-
tion. This magnitude 1s referred to as the veloclity factor and 1is de-

noted by
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It 1s evident that the parameters M and A are interrelated; we
can show that the relationship can be described as follows: .

2 5
2
N X

Mi=— Rl
- k—1 "
=" (4.46)

LS.
Moo 2

=

: =
Fig. 4.26. Curves showing the
interrelationshlp between the
M(ach) number and the velocity
factor A. 1) k =1.20; 2) k =
In the theory of jet engines we use both the dimenslonless veloc-
ity M as well as the coefficient A; in this case, some simpler rela-
tionships can be obtained through the use of the M(ach) numbers, whereas
in other cases simpler relationshlps are obtained through the use of
the coefficient A. Figure 4.26 shows the curves which i1llustrate the
interrelationship between the dimensionless veloclty of the stream and
the veloclty coefficlent; these curves can be employed in the calcula-
tions.
The dimensionless area of the nozzle as a function of the veloc-

ity of the flow (4.43) 1s expressed as follows in terms of the veloc-
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1ty coefficlent X:

. 2 w
L N N Y'Y}
ZIIL] IV (4.43")
A1

This formula can also be used in addition to (4.43'), when it is
necessary to determine the velocity of the flow in various cross sec-
tions of the nozzle or when 1t 1s necessary to select the dimensions
of characteristic nozzle sections.

Calculation of Gas-Stream Parameters in Any Nozzle Cross Section

The parameters of the gas flow in any cross section of the nozzle
are functions not only of the gas parameters in the combustion chamber
and the exponent k, but also of the local velocity of the flow.

The calculation relatlonships for the determination of the flow

parameters at any cross sectlion take the following form:
]
A—=. ‘—_'l ’._-—T
¥ (l+ 2 M) -0
: 1
Lo (1 L A=t pa\ T
(T M) (4.47)

Bmre25tm)

]

o A=ty

. (1+ > M).

In calculating the flow not in accordance with the M(ach) number

but in accordance with the velocity coefficient A, it 1s convenient to

use the so-called gasdynamic flow functions:

[ ]
k=1 u)Fﬂ'-“

-(x)_L-(I+H_‘ v

c().)--'—-(l—'_l ”) ' . (4.’48)

'0')-1'_.-0 b+l ')

The values of the gasdynamic functions m()), e(A), and t(A) for
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various k and A are presented in special tables, and this substantially
facilitates the carrying out of the reouired calculations. Figure 4.27
presents the curves for mw()), e(A), and t(A), which can be used in
practical computations.

Formulas (4.47) or (4.48) make it possible to calculate the param-
eters of an ideal flow at the outlet sectlon of the nozzle of an en-
gine, and for thils purpose 1t 1s sufficient to substitute Ma or xa into
the formulas; these quantities, determined in accordance with (4.43) or
(4.43') by the relative dimensions of the nozzle alone, characterize
the veloclty of the flow at the outlet section of the nozzle. In thils
case, the following willl be the calculation relationships:

. N
\ A—1 )\ BT
1
B )3T (4.49)
ﬁ=0+2 o
1 1=1)a
_;:-=(l+ 2 M.) J
or A .
p.lp.=='(‘1.)._ i
Palro=s (o) | | (4.50)
T.ITO-‘!()A.).
<TRE:
10
- .‘\\\
0s
- g0
) 15 29h

Fig. 4.27. Curves of the gas-
dynamic functions.

Figure 4.28 presents tentative curves which illustrate the nature
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of the change in the parameters of the gas flow along the length of

the engine; for these curves p and Ta are the parameters of the

a’ Pa’
flow of the products of combustion at the outlet section of the nozzle;
Ma is the M(ach) number of the flow at the outlet section of the noz-
zle; xa 18 the veloclty coefficlient of the flow at the outlet section
of the nozzle; Wy is the flow velocity of the products of combustion

at the outlet section of the nozzle; 4y, and 4, are the dilameters of the

critical and outlet sections of the nozzle, respectively.

' n1 Iy w
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Fig. 4.28. The nature of the
change in the parameters p, W,
and T of the products of combus-
tion along the combustion cham-
ber of a solid-propellant rocket
engine. 1) Gas-acceleration sec-
tion. :

Concept of Rated and Nonrated Exhaust Regimes

The reglime of the outflow of the products of combustion through
the nozzle 1s referred to as the rated regime, 1f the gases are ex-
panded during the exhaust process to a pressure equal to the pressure
of the ambient medium, 1l.e., 1f the pressure Py in the stream at the

outlet section of the nozzle 1s equal to the pressure Py of the ambient
medium:

Pa™=ps.
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In practice, we frequently encounter cases in which Py # Pys in
which case p, > py (an operating regime with underexpansion) or Py < Py
(an operating regime with overexpansion).

An engine operating regime with underexpansion appears when the
area of the outlet sectlon of the nozzle for some reason must be made
smaller than the theoretical (calculated) dimensions. In the case of
underexpanded outflow, the engine functions rather stably, and only
some loss of engine thrust, due to lncomplete expansion of the stream
of products of combustion, 1s observed. Underexpansion may take place
when the area of the outlet section of the nozzle 1s equal to the cal-
culated dimension, if the pressure changes during the flight of the
object so that it drops noticeably below P, at some Instant of time
(climb to great altitudes with pronounced rarefaction of the atmosphere).

In an overexpanslion regime, the gas expands to a pressure below
that of the ambient medium. This results in a flow that is actually
moving from a reglon cf reduced pressure to a region of greater pres-
sure. Experiments with nozzles which overexpand the gas stream have
demonstrated* that such motion, at first glance contradictory to phys-
ical concepts, can actually take place. However, the possibllity of
the existence of such motion 1s restricted by comparatively low "super
differences," and the motion of the gas in an overexpansion nozzle is
itself distinguished by great instability. With significant overexpan-
sion, when pa/bH-S 0.3-0.5, intensive Jumps may arise within the noz-
zle, and these disrupt significantly the regime of the normal accelera-
tion of the flow of products, s0 that in certain cases not even the
critical velocity will be attained.

In the case of overexpansion, engine thrust may also diminish in
comparison to the calculated thrust, and in this case the drop in
thrust will take place as a result of the action of the excessive coun-
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Fig. 4.29. Reduction in engine thrust Ry

in the case of operations with an over-
expansion regime.
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Fig. 4.30. Curve of relative

measurement of englne thrust

(engine operating on solid pro-

pellant) as function of alti-

tude H of rocket flight.
terpressure exerted on a part of the nozzle contour. (Fig. 4.29). In
the general case, the nature of the change in engine thrust in the
cagse of overexpanded gas outflow, in comparison with thrust in the
cage of theoretical outflow, depends on the degree of overexpansion
and the configuration of the nozzle; in this case, wlith overexpansion
increased outflow velocity will serve to increase engine thrust some-
what, whereas engine thrust will drop as a result of Py < Py and the
effect of the counterpressure on the wall of the nozzle. It is generally
quite difficult to prediect in advance what the final total change in
thrust will be, since thils change 1s determined by the geometry and
ballistic parameters of each specific engine.

If the nozzle 1s functioning under a regime of underexpansion,

with a decline inexternal pressure (pH), for example, because of a

change in flight altitude, engine thrust generally increases somewhat
(Fig. 4.30).
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§6. REACTION FORCE AND SPECIFIC IMPULSE OF A SOLID-PROFELLANT ROCKET
ENGINE

Derivation of Reactlon-Force Formulas

For the derivation of the formulas of reaction force we will use
the theorem for the mechanics of momentum. In accordance with this
theorem, a change in momentum of any i1solated mechanical system is
equal to the impulse acting on thils system.

In our case (Fig. 4.31), at any arbitrary instant of time t the
1solated system consisting of a rocket and a certain volume of ambient
alr surrounding the rocket will be characterized by momentum.

Ku-"ﬁ;.
where m is the rocket mass; V 1s the flight velocity of the rocket

(vector).

S

[

Fig. 4.31. For the derivation of the
equation of motion for the rocket.

After an interval of time At, the system under conslderation will
congist of the rocket, the amblent air, and the mass of the products
of combustion ejected from the nozzle of the rocket during the time
period At. In this case, the mass of the rocket has been reduced by
am, and the velocity has increased by Av. If the velocity of the prod-
ucts of combustion is denoted by w, the total momentum of the system
in the latter case will be

Kig e (m— &m) (0 4) + bm (5~ ).
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In accordance with the momentum theorem

K= (zk,)

where (EF)M 1s the impulse acting on the system of forces,zi‘sl— is

the sum of all forces appearing in the system under consideration; AKt
1s the change 1n the momentum of the system.
In our case

AK,=Kypas— K, =(m— Am)(u+Av)+Am(o—w)—mv=
=mv—Amv + mAY — AmAv-{-Alrv-Amo—A-

or, neglecting the quantities of a higher order of smallness,
. 8K, 2 mAT — Am®.

In accordance with the theorsm we will have

M=l

5=3%

1=

mAv—an(zk')M

or, 1n differential form,

AP

,._:E-L:_agﬁ,. (4.57)

Expression (4.51) is a differential equation for the motion of a
body of variable mass. This equation was first derived by the Russian
scientist I.V. Meshcherskiy and published in his works on the dynamics
of a point of variable mass (1897). We can see from (4.51) that the
equation for the motion of a body of varigble mass is unlike the equa-
tion for the motion of conventional soclids only in that the number of
external forces includes yet another additional force ((dm/dt)w),
which characterizes the nature of the change in the mass of the body
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and the parameters of the relative motion of the ejected mass.

ILet us examine ‘_)::k] in greater detzail. For the selected system,
this total includes: the force of gravity mg, the thrust Rt’ and the
forces that are due to the action of the rocket in the face of the ap-

proaching stream of air (the aerodynamic forces Raerd):

R )
2R ME+ R A R,
Presenting the aerodynamic force in the following form:
k.m=ﬁ'+'?"+ Aﬁ-mi
where'Rr 1s the equivalent force of pressure distributed over the body

of the rocket; Ftr 1s the equivalent force of aerodynamic friction;

A.Hproch
will obtalin the following equation of rocket motion:

is the equivalent force of all other aerodynamlc forces, we

m = AT AR AR Rt R S
Now let an operating rocket be made immobile (firmly held fast on
a test stand). It 1s evident that in this case v = 0; mg 1s offset by

B oon = 0» 1.6, (4.51')

the reaction of the stand supports; and'Rtr, proc

will take the following form:

%;+kg+.ﬁ’=o'

Fig. 4.32. Diagram of forces acting on a
rocket fastened on a test stand, with engine
in operation.

We can see from Fig. 4.32 that as a result of the symmetry of the
rocket body, pressure 1s offset almost completely along the entire con-
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tour (outline) of the rocket and it is only at the outlet of the noz-
zle that some difference in pressure occurs, so that
Rp= (Ps—Ps) Ous

where p, i1s the pressure of the outflow products at the outlet section
of the nozzle; Py 1s the counterpressure of the ambient medium at the
outlet section of the nozzle; 9 is the area of the outlet section of
the nozzle.

If we take into consideration the mutual direction of the vectors

W, Ft, and the component (pa - pH) 6., and assuming a positive direc-

a
tion of rocket motlon, we will obtain
~ G T tR—(.—p)e=0,
whence the formula whilch determines the thrust of the rocket engine
will be:
R,=i;—w+(p.—l’.) 9
or
Ry=Meu® +(Ps=2) %0 (4.52)
where Mgae = dm/dt is the per-second flow rate of gases from the engine.
In the case of a theoretical outflow regime Py = Py» and the
formula for thrust takes the following form:
, Rym=Mem @, (4.52')

If we denote

Wt (0, = )

then for any outflow regime the thrust can be presented in the follow-
ing single form:

Ry = Mo, (4.52")
where w,. 18 the effective outflow velocity.

In calculation practice it is convenlent to use a formula to cal-

- 183 -




culate Rt in terms of the pressure Pg in the combustion chamber of the
engine. The corresponding relationship is easily obtained if we take
into consideration that according to (4.27) '
Mom= APy .

In fact, if we substitute this ekpression for m ., into (4.52),

we wlll obtaln
Ry= Mooy, + (P —P2) 9= AP0y ®u+Pate —Pid%
= (4w, -F%—::)fé..;—-p;g.- .

Let us examine the sum in the brackets of the last relationship.

Here ‘ a T

Y .
( 2 TIT‘/ %
A +1 ISR

A= AW

v l/r:f‘R- l/:u"?’-l‘-(‘*;—?]’

According to (4.49)
L L= Lk, M,),

Tttt

but from (4.43) it follows that

M =Mk f:—)

Lo oy S
Pe /(" o.,)'.
so that Awa is a function only of k and oa/bkr. In the final analysis,
we willl see that
Aw Lo S ., S
3 el ,.).
l.e.,
R,'*!(k. :":';)Po’up"p-'m
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or, neglecting the quantity Py, in view of the smallness of atmos-
pheric pressure in comparison with the operating pressures in the com-

bustion chamber,
Re=t(k 2) i, . (4.53)

The coefficient é(k, oa/ckr) 1s referred to as the coefficlient of
reaction force or the lLanzheven [sic] coefficient. The numerical val-
ues of this coefflclent for k = 1.25 and various nozzle expansions

da/dkr are presented in Table 4.8.

TABLE 4.8

Numerlcal Values of the Theoretical Magnitude
of the Coefficlient of Reactlon Force

L ymwpenne | 10119 (14]1,6[1,8[20]22]24]26]28]30
d.ld.. : ¥
b=t (doldy) | 1+25[1:38|1.46]1,51]1,56(1,60]1,62|1,6¢(1,07]1,08] 1,

1) Expansion, da/dkr.

Total Reaction-Force Impulse and Specific Impulse of Engine

The total impulse J of the reaction force 1s referred to as the
integral characteristic of the curve for engine thrust Rt wlth respect
to time:

b J ‘<
I=[Rd,
where T is the operating time of the rocket engine.

If engine thrust 1is approximately constant throughout the entire
period of engine operation,
J=R. (4.54)
The magnitude of the total impulse 1s a complex characterization
of the effectiveness of the operation of a solid-propellant rocket en-
gine, and here the level of thrust developed by the engine and the
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period of time that the thrust acts on the rocket are both taken into
consideration.

It 18 the general practice to regard the magnitude which indicates
the impulse imparted to the rocket in the burning of 1 kg of powder in
the engine as the most important characteristic of a solid-propellant
rocket engine. This quantity 1s referred to as specific impulse:

n==<, (4.55)

where w 1s the total welght of the working powder charge.
If we express w In terms of the per-second flow rate of the pow-

der gases w =m__ g7 and if we take into consideration (4.54), we will

sec
find
j=te B __ R

. Mcet 8;;. (4'56)

Substltuting the value of R and my into this equation, we will

ec
obtain this formula in expanded form:

S e (P10 —Pit)

EMeex:

or

-—e-——l—-&-L. ]
Using this expression and some of the relationships presented

above, we can show that

= (4.57)

The specific impulse should be regarded as the basic criterion
for the evaluation of the effectiveness of a solid-propellant rocket
engine. The greater the value of the specific impulse, the more effec-
tive the corresponding engine.

Derivation of the K.E. Tsiolkovskiy Formula

It is easy to derive the K.E. Tslolkovskiy formula from the equa-
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tion of rocket motion, if we assume that the flight 1s accomplished in
the absence of any resistance to the motlon of the rocket and if we
neglect the action of mass forces on the flight. Given these assump-
tions, the equation of rocket motion is simplified to the following

form:

dv _ dm =

dat at

or if we take into consideration the directions of the vectors V and Wéf

‘dv . dm
AL

and the equatlon can easily be integrated.
In fact, dividing the variables, we will obtain

whence

1/ -‘ "

fdﬂ=y --'~ 7.

o, My

4,58')

AY, =0, —Uy= — 1w,y In 2L, (

t (] 0 » mo
where Avt is the increment in veloclty as a result of the operation of
the rocket engine (in comparison with the initial velocity); my 1s the
rocket mass remaining from the 1lnitlal mass m, at some ingtant of time.

The maximum veloéity increment in this case 1s
Ao_“-—u..ln-s:-, (4.58")

where m 1s the final weight of the rocket, l.e., the passive weight

45 My is the initial weight of the rocket (launching weight).

The ratio mk/ho characterizes the perfection of the structural
fabrication of the rocket and 1is referred to as the coefficient B of
the rocket:

AU!u-—... In pa.
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It can be demonstrated that for a multistage rocket, in which the
stages are successively Jettisoned,
Ay = =Wy In (B py... P, .“).
where Ny 1s the number of operating stages.
For solid-propellant rocket engines, the K.E. Tsiolkovskly formula

is generally written somewhat differently, using

My™gn,
Mmo=gu-to,

l.e., in the following form

":."=w,;ln (l +;.:) (4.58n1)

T =W,y In

or taking into consideration (4.57)

Onu=Jig 10 (1 +:—.)-. (4.59)

Thrust and Speciflic Impulse as Functions of the Structural Features
and Ballistic Characteristics of the Engine

In the most general form, the thrust of a rocket engine is deter-

mined by the following relationship

-

Re=(Awo+-L2 2 )pory— pite
for which it has been demonstrated that
(Am,+ L2 —.‘j:)=e(k. -:;-)

Thus thrust 1s completely determined by the magnitude of the op-
erating pressure 1n the combustion chamber of the engilne, the composi-
tion, and the properties of the gaseous products of powder combustion
(k), and the structural features of the engine, particularly the rela-
tionship between the areas of the outlet and critical sectlons of the
nozzle; the parameters of the ambient medium (pH) also have some effect
on thrust. However, if the ambilent medium is the atmosphere,

(P)pax = 1 ka&/cn®
and at pressures of Py = 50-100 kg/bm2 in the combustion chamber of a
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solld-propellant rocket engine their effect can be neglected.

T
il O TS
2' nm«#’:%‘.‘f.}
T TR T T n%ﬂ;

Fig. 4.33. The nature of the
actual relationship € = e(da/akr).

1) Theoretical curve; 2) actual
curves for varlious engines.

For a selected operating pressure established by Olep and a defl-
nlte powder, the thrust of a solld-propellant rocket englne 1s a single-
valued function of ca/bkr' In deslgn practice, lnstead of the area
ratio ca/okr we more frequently use the ratio of the diameters of the
corregponding cross sectlons, referring to this ratio as the expansion
of the nozzle:

s-i:,
l.e., for the conditions mentloned above engine thrust is wholly deter-
mined by the expansion of the nozzle.

The theoretical relationship R = R(da/dkr), determined by the re-
lationship £ = &(da/akr) (see Table 4.7), is achieved in practice only
in the case of small expansion. In the case of great expansion, a less
intensive increase in thrust (in comparison with the theoretical in-
crease) 1s observed with an increase in da/'dkr because of losses in
the nozzle and certain secondary outflow effects; in fact, there may
be some drop in the magnitude of thrust for (aa/akr) > (aa/akr)pred.
The tentative relationship between the Lanzheven [sic] coefficient and

the expansion of the nozzle for conditions of actual outflow 1s pre-

sented in Fig. 4.33. We can see from the curve presented in this figure
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(L

DI

and the maximum magnitude of the Lanzheven coefflcient does not exceed
Bmar=1,4-+ 155.

Of the factors affecting the magnltude of speciflc impulse, the
first that should be mentioned are the following:

1) expansion of nozzle, da/dkr;

2) pressure Po in the combustlon chamber of the engine;

3) the initial temperature of the powder charge and the tempera-
ture of the products of combustlon;

4) the heating value Qw(zh) of the powder;

5) the presence of various kinds of losses in the engine and pri-
marily in the nozzle, as well as the heat losses in the combustion
chamber.

Iet us examlne the successive effect on Jl of each of the above-
enumerated factors.

In accordance with (4.56)

Ry
==
) EMeex !

and since mBec

1s similar to Ry = R(da/akr). The above-presented considerations with

1s not a function of nozzle expansion, j; = Jl(da/dkr)

respect to the exlstence of certain maximum expansion values remain in
force, and 1f these values are exceeded a drop in the theoretical
parameters of thrust and specific impulse is observed in practice.
Specific impulse as a function of expansion varles for various values
of operating pressure in the combustion chamber. With an increase in
the operating pressure the increment in impulse as a result of the in-
creased expansion becomes more pronounced. As an example, in Table 4.9
we have presented the relative increment in specific engine impulse
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for various pressures due to lncreased nozzle expansion from ca/okr =
= 1.0 to ca/okr = 5.0 in one case and from Ga/bkr = 1.0 to the theoreti-

cal value (for each pressure) in the other case.

TABLE 4.9

Relative Increment 1in Specific Impulse as a
Function of Nozzle Expansion for Various Pres-
sures within the Combustion Chamber

1 ' 100 | 150 | 200
naueyne B Kauepe Cropamns S xajeat
Ak %p.. pand .>—— =50 2,8 27,8 |2,2

, h %p ®up
| ) )

I' ag Og .

—_ % _.-- —

5 npu Pt e (% )m 20 (2.1 (38

1) Pressure in the combustion chamber; 2)

kg/cm?; 3) at.

We can see from Table 4.9 that with great expansion, pressure has
a relatively weak effect on the magnitude of the specific impulse. For
example, for da/dkr = 2.24 an increase in operating pressure from 100
to 200 kg/cm2 (1.e., by a factor of two) increases the value of the
specific impulse by only l.4%. This increment in impulse virtually
fails to offset even the increase in engine weight resulting from the
need to provide for strength with this lncreased pressure.

On the other hand, increased nozzle expansion from da/'dkr = 2.24
to the theoretical value increases the specific impulse by 2.2% at

= 100 kg/'cm2 by 4.3%, at py = 150 kg/cm®; and by 5.4%,at py = 200

kg/bma.

If we take into consideration that because of the limited flare
angle of the outlet cone it becomes necessary to increase the length
of the nozzle in the case of nozzle expansion, the weight of the en-

. gine (its nozzle assembly) will increase as the expansion becomes
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greater. In this case, the effective Ilmpulse increment will be reduced
accordingly. \

Thus with an increase 1n nozzle expansion, specific engine im-
pulse increases only up to some limit expansion values which are equal

approximately to

Further expansion can result in the reduction of the specific im-
pulse of the englne. With Increased nozzle expansion the weight of the
nozzle assembly of the engline lncreases, so that 1t 1s always neces-
sary to egtimate the effectlve impulse increment in the calculatlons,
rather than the absolute increment.

Let us dwell 1n some detall on specific impulse as a function of

pregsure. In accordance with (4.56'), at da/'okr = const
Ji=const, 4- %ﬁ.

1.e., with an increase in the pressure in the combustion chamber, the

Impulse Jl increases, attaining its maximum value at Pg = =i
u.)...-_-j-.
For one of the englnes, the values of Jl for varlious operating

pressures, calculated according to (4.56'), amounted to:

J; = 215 kg-sec/kg  at py = 50 kg/em?

Jl = 220 " at Py = 100 "
J; = 223 " at py = 200 "
J; = 225 " at py = 500 "

however, test firings of thlis engine demonstrated that the true de-
pendence of speclific lmpulse on pressure 1s somewhat weaker, and the
average values of the impulses measured during the experiment were as

follows:
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J, = 196 kg-sec/kg at py = TO ka/cm®

J, = 200 " at p, = 100 "

1 0 y d,/d, ~ L.k,
3 = 202.4 " at p, = 200 "

Jy ==202.5 " at py = 250 " J

Hence we can see that beginning with Py = 150 kg/cmz, the engine
exhibited a specific impulse that was virtually independent of the
operating pressure in the combustlon chamber.

Thus with an lncrease in the operating pressure in the combustion
chamber, the specific 1mpulse of a solid-propellant rocket engilne in-
creases. It has been establlshed in practice that for each engine de-
sign there exists a certain maximum value of (Jl)max such that no
changes 1n pressure can result in

h> (1)) mas.

Again we must devote our attention to the fact that with an in-
crease 1in the pressure 1n the combustion chamber there 18 an lncrease
in the structural welght of the englne because of the increased wall
thickness of the combustlion chamber; thus 1t becomes necessary each
time to take into consideration not the theoretical, but the effectlve,
increment in impulse, and the losses due to the addlitional weight must
also be taken into consideration.

With an increase in the initilal temperature t. of the charge, the

0
specific impulse of the engine increases, since in thls case there 1s
an increase 1n the reserve of physical heat contained in the powder
and liberated as the grain burns; in addition, changes are observed in
the remaining parameters of the interilor engine ballistics, which re-
sult in an increase in specific impulse (increase in engine pressure,
reduction in operating time, etc.).

The nature of the effect that the initial temperature of the
charge has on gpecific impulse can be seen from the example presented
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in Table 4.10.

TABLE 4.10

Specific Engine Impulse as a Functlion of
Inigial Charge Pressure in the Interval
+50%C

4 °C ' +50 | +30 | +18 0 | —30|—40 | —80

)y eaeenfue L |208,9 |202,8 |201,3 [190,6 [190,2 [198,6 |106,6

1) J;, kg-sec/ke.

As can be geen from the above-mentioned data, in the temperature
intervalliSOOC the specific impulse can change by approximately 5%
wilth respect to 1ts value at to = +15°C.

The gas temperature has an effect on the specific impulse Iinsofar
as 1t determines the outflow coefficient

—_9(®)
A=
and the speciflc impulse
=l fpPu o
I s ),

i.e.,

'jl-:ﬂ! E-A 2 R
(k) ho g

The difficulty encountered in the thermal shilelding of an engine
having a high temperature in the combustion chamber and the reduction
of the strength characteristics of the structural materilals with an
increase in temperature limlt the permissible temperature of the prod-
ucts of combustion. Therefore, an increase in the temperature of the
gases as a means of increasing the specific impulse of the engine is
undesirable and the problem as to the quantitative relationship AJl =
= £(AT) is not considered here.
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Since

Qu (x)==¢,Ty

and

Jy=Y R L_ELJh).
JU) Po
the specific impulse is formally proportional to Q/Qw(zh)' In practice,

this relationshlp has a weaker effect and 1s expressed by the propor-

3 4
tionality to the root |/Qw(zh) and even to \/Qw(zh)‘
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[Il1st of Transliterated Symbols]

k1 = %nk1l = Cnitrokletchatka = Cnitrocellulose

= U = Yineynaya (skorost') = "linear (rate)
z = Tzaryad = Tgrain (charge)
Ptemperatura = Btemperature

n
H

P sr ~ tsrednyaya (temperatura) = mean (temperature)
= Wg = Waaz = Yaas
"n = Tnabor = Tbuild up

- Tsh - Tshashka - Tgrain

oo o T g I
]
™
o of

Ra6 = Prab = Prabocheye (davleniye) - Poperating (pressure)
ﬂcp Prr™ Pxriticheskoye ~ Peritical
= = vl = yt
x.c V'k.s = V'kamera sgoranliya V' combustion chamber

npen = pred = predel'noye = limit

P'er = P'gt = P'statsionarnyye (davleniya)™ P'steady-state
pressures

Srop = Sgor = Sgoreniye = Sburning

Fop = Fgy = Fsvobodnoye (secheniye) ~ Feree (cross section)

®cex = Ysec = “per second

838 = azv = 8vuk = %sound

Raepn = aerd = Ryerodinamicheskaya ~ Faerodynamic

3p Rr ravnodeystvuyushchaya = Roquivalent
= Rir = Bireniye = Beriction

Rnpou Rproch Rproch:lye = Rall other

Wag = YWer = Werfektivnaya - "effective

M = M = Meonechnyy (ves) = Mfinal (weight)
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Chapter V
THE DESIGN OF AN ENGINE FOR A SOLID-PROPELLANT MISSILE

§1. SELECTION OF STRUCTURAL DIAGRAM FOR COMBUSTION CHAMBER AND
MATERIAL FOR TUBE

As a rule, the engine for a solid-propellant rocket misslle con-
sists of a frame of a combustion chamber and several additional ele-

ments, the basic among which are the nozzle assembly and the forward

R N e e A S SS S S S S KA NS NS QSN

‘. |‘= //‘
H

e SAAAA MM VAL AR LA AR RARARARAARRRRB \——

Fig. 5.1. Design of engine for solid-propel-
lant rocket missile. n§ Forward connection
device; 2) frame of 1ﬁn1ter cartridge; 3)
grain trap (spacer); 4) tube of combustion
chamber; 5) diaphragm; 6) nozzle assembly.

spacer which connects the combustion chamber with the warhead of the
missile (Fig. 5.1). The combustion chamber is designed to house the
solid-propellant charge, the lgniter, the ignition system, etc., as
well as to provide for normal conditions of propellant burning during
the time of engine operation.

Structurally the frame of the combustion chamber 1is generally
made in the form of a cylindrical tube. At times we encounter designs
of different types; however, the fabrication and assembly of combus-
tion chambers involves, as a rule, considerable difficulties and it is
for this reason that such chambers are employed comparatively rarely.
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Fig. 5.2. Typical structural dlagrams for the
combustion chamber of an engine. ;p) The length

of the threaded portion; &) thickness of the
wall; Dn and dvn outside and inside diameter,

respectively; dr) thread diameter; Dmax) max-
imum diameter.

a xeu/cmt
12
84

2

~40 0 40 80 120T°C
Fig. 5.3. Impact strength as
k'g-m/cm2 as a function of tem-

perature 7°C for steel, with
failure at low temperatures.

Some of the structural versions of combustion chambers are presented
in Fig. 5.2. A comparative evaluation of the typical combustion-
chamber designs shown in Fig. 5.2 demonstrates that there are no basic
differences between them; the chambers differ from one another only by
the location of the connecting thread (on the outside -~ Fig. 5.2a; on
the inside — 5.2b) and in the design of the threaded section. It should
be pointed out that if a missile 1s not fabricated with threaded con-
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nections, but 1s designed to employ some other connection method (weld-
ing, gluing, pressure fitting, etc.), the design of the combustion
chamber remains as before and only the threaded section is replaced by
another, corresponding to the glven connection.

The tube of the combustion chamber must be selected on the basis
of the conslderation that a firm connection be achieved with the two
above-mentioned component parts in contact with the tube, and the con-
nection must provide for the permanence of the Jolnt and the hermetic
sealing of the combustlon-chamber cavity under conditions of high
pressures and temperatures which occur within a solid-propellant
rocket engine that 1is 1n operation. An important criterion for the
evaluation of the structural dlagram of a combustlion chamber 1s the
requlrement for technological adaptability to fabrication, sald re-
quirement geared to condltions of fabricating these component parts on
a mass-production basis. From thls standpoint, for example, tubes with
an inside thread are less deslrable, since for these:

— the processing of the chamber from within presents certain 4if-
ficultles, especially in the case of undercutting;

— 1t ig difficult to obtain a high-quality thread on component
parts of small calibers.

Finally, we should also point out that the configuration of the
inner cavity of the combustion chamber has an effect on the parameter
x of the engine, of which more wlll be sald in greater detail below.

In addition to the selection of the structural diagram, an ex-
tremely important stage in the design of the combustion chamber 1is the
regolution of the problem relating to the material employed in the
frame of the engine. In selecting the material, we should bear in mind
that instantaneous pressure pulses at the beginning and the end of the
burning of the powder are possible during engine operatioun, especially
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during the missile-testing stage. Hence one of the most important
characteristics of the material used for the walls of the ccmbustion
chamber 1s the impact strength which must be sufficiently great over
the entire temperature interval set for the englne.

Mlssliles that were used during the perlod of the Second World War
were fabrlcated, as a rule, of unalloyed structural steels. With re-
spect to thelr characteristics, these steels satisfy all of the re-
quirements Imposed on the material used in the constructlion of a com-
bustion chamber, but these steels exhiblt comparatively low mechanlcal
properties. In this connection, the requirements for strength demand
the fabrication of comparatively thick-walled combustion chambers, and
this lncreased the structural welight of the missile, thus reducing fhe
maximum veloclity and fllght range of the milssile.

It 1s more expedlent to use low-alloyed steels of Iincreased
strength for combustlon chambers. These steels make 1t possible sub-
stantlally to lighten a rocket engine without introducing any signifi-
cant increase in cost.

In the case of steels involving more complex alloying, reductions
in impact strength at low temperatures may be observed (Fig. 5.3), and
moreover, the fabrication techniques for component parts made of such
steels 1s generally comparatively complex and these steels are there-
fore rarely employed.

In the case of engines operating on high heating-value powders or
i1f the englnes are subjected to extended operation, the walls of the
combustion chamber are coated with special heat-insulating composl-
tions. Sometimes these heat-ingulating coatings are lntroduced simply
in order to reduce the structural weight of the misslle, since by in-
sulating the wall against the effects of high temperatures 1t becomes
possible to reduce the temperature stresses within the combustion cham-

- 199 -

o GRIAINGl ob uPh A, 33012



ber thus simultaneously reducing the necessary wall thickness. The
. well-known German antiaircraft missile "Tayfun-P" operated on a powder
of conventional heating value Qw(zh) = 800-850 kecal/kg for 1.5 sec.
However, the walls of the combustion chamber in this missile were
coated with two heat-insulation layers, thus making it possible to re-
duce the thickness of the walls to 6 = 2.0 mm and to guarantee with
this thickness a preservation of combustion-chamber strength for the
operating pressure of Ppax = 130 atm. Test firings of the engines used
in the "Tayfun-P" missile, when no heat-insulation coatings were em-
ployed, resulted in the destruction of the combustion chambers. To
preserve the strength of the combustion chamber 1t became necessary to
Increase the thickness of the walls by a factor of more than two. In
this case, the welght of the englne also almost doubled, thus reducing
the maximum velocity of the missile to 870-920 m/sec, whereas a mis-
sile with a heat-insulation coating and 6 = 2.0 mm exhibited a veloclty
of Vpo. = 1500 m/sec.

At the present time, the new structural materlals such as plas-
tics have found widespread application in rocket engineering, includ-
Ing the fleld of rocket engine construction; among the plastics, we
refer primarily to various types of glass-filled plastics.

Glass-fllled plastics are compositions consisting of a reinforc-
Ing high-strength filler and a polymerized binder through which this
filler 1s distributed. Fibherglass or glass cloth 1s used most fre-
§ quently in structural glass-fillled plastics. Various synthetlc resins
such as, for example, the epoxles, the phenols, speclal polyesters,
etc., are used as the basic binder depending on the requirements im-
posed on the material and the operating conditions for the component
parts.

Structural glass-fllled plastics are characterized by extremely
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high tensile stresses. For example, with a glass-cloth and epoxy-resin
base 1t 1s posslble to obtaln materlals exhibiting Op = 4000-4500
kg/cm2 and a, =~ 150 kg-cm/bme, for a specific weight of v = 1.7-1.8
g/cm3. The comparative tensile strength of glass-filled plastics with -
respect to certain other structural materlals can be shown by the fol-

lowing figures*:

alloyed Steel....ceverienirrcrrnsnrsrcnsasas 900 (o = 7,000 kg/bma)
heat-treated alloyed steel............eeos.. 1800 (0 = 14,000 kg/em”)
high-strength alloyed steel......ccvvvesees. 2000 (ora=16,000 kg/bme)
high-strength aluminum-based alloy.......... 2100 (g, = 6,000 kg/cm®)

£46aNIUN 81104+ eserrrreerennaeeennneecassss 2800 (0 = 13,000 Kkg/cm®)
fiberglass plastic with conventional im-
Pregnation. ccvveeececscssccccnasssesens 2150 (0r =~ 3,850 kg/bmg)
fiberglass plastic with special impregnation 2950 (0r = 5,250 kg/bmz)
(or is the breaking strength)
While exhibliting hlgh tensile strength, glass-filled plastics
also exhibit low thermal conductivity a = 0.002 cal/cm-deg:sec

(agea1s = 0-1 cal/cm-deg-sec; = 0.4 cal/cm-deg-sec) and are

aalyum
therefore simultaneously both structural and heat-insulation materials
whilch function satisfactorily under conditions involving temperatures
of the order of 2000-2500°C for short periods of time.

Iet us clte several examples of the application of plastics in
the designs of rocket missiles:

— on the "Nike-Hercules" missiles and on certain other missile-
interceptors (USA) warheads have been installed and their frames (bod-
ies) are made of glass-filled textolite [a resin-impregnated laminated
cloth] (by the Aerojet-General Company);

—~ the cross-shaped wing of the antitank rocket missile "Vickers
891" (Great Britain) is made of glass-filled plastic material;
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— stabilizers made of glass-filled textolite are mounted on the
U.S. Navy air missile "Talos";

—~ the Contravers Company, 1ln cooperatlion with the Erlicon B Com-
pany (Switzerland), developed model 56 of the RSC-1 "ground-to-air"
missile class, whose engine frame 1s made of fiberglass impregnated
with a speclal organic adheslve composition;

— the Reinhold Company (USA) designed, developed, and undertook a
test production run of an artillery rocket misslle with a solid-propel-
lant engline made entlrely of plastics;

— finally, the lnner heat-insulation of the frame of the solid-
propellant engine used in the anti-missile "Nike-Zeus" missile, which
operates for a period of 60 sec, is a lining made of glass-filled tex-
tolite.

The component parts of a rocket missile can be fabricated out of
glass-filled plastics by means of a wrapping method (the nose spinner,
the body of the combustion chamber, a nozzle) or by means of extrusion
(spacers, the grid, the nozzle, stabilizers).

With the wrapping mevhod, the glass cloth (or a strip of glass
threads), impregnated with a binder, 1s wound in severzl layers on a
speclal rigid mandrel. The mandrel is placed into a thermostat together
with the material wound on the mandrel, and the binder 1s polymerized
in the thermostat where the material hardens. After the required length
of time in the thermostat, the mandrel 1s removed and the finished
product taken off.

Plastics are extruded in gpeclal heated die-casting molds. The
polymerization of the binder takes place during the time that the com-
ponent part 1s kept in the closed die-casting mold.

In the deslign of component parts made of glass-fllled plastics 1t
should be borne in mind that individual critical cross sections of com-
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ponent parts can be reinforced by the introduction of steel fittings
into the structure of these component parts.

On the other hand, ways have been found of increasing substan-
tlally the strength of the glass-filled plastics themselves in the
near future. One of these means 1s the attempt to increase the adhesion
of the binder to the fiberglass by, for example, the preliminary treat-
ment of the filler by means of special silicon-organic compounds. These
compounds are capable of forming chemical bonds both with the glass as
well as with the resins in the composition of the binder. In the final
analysls, the glass-filled plastics become more monolithic and their
strength lncreases.

Another method is the attempt to use a stronger filller — quartz
filbers, etc. Here, strength 1s increased only in those structures in
which the basic load 1s transmitted to the fiiler.

Examples of structural glass-filled plastics are such materials
as "roketon [sic]," "missaylon [sic]," "orbiton [sic]," and some others,*
which have found widespread application in rocket building in the USA.

§2. SELECTION OF DIAGRAM FOR CONNECTION OF ROCKET PART OF MISSILE TO
THE WARHEAD AND NOZZLE ASSEMBLY

It 1s possible to connect the rocket part of the missile with the
warhead either directly or by means of a transition element, i.e., a
connectlion plate.
Direct connectlion 1s possible if elther the warhead has a bottom
plate (Fig. 5.4a), or the tube of the combustion chamber has a blind
f end (Fig. 5.4b). Of the two possible methods for the case in which the
missile warhead has a bottom plate, all other conditions being equal,
it is best to select the first version. This method provides for per-
manence of Joints under the action of the high pressures within the

‘ combustion chamber, which expand the combustion chamber circumferen-
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Fig. 5.4. Structural means of

connecting the warhead and the

rocket part of the missile

without using a connection

plate.

¥§ 1s the pressure due to the
ttings.

Flg. 5.5. Comparison of two methods of connect-
ing the warhead of the missilile to the rocket
part.

-”"3 o —003'%‘:— —”3" —ﬁi'm‘
oy 2 a)

Flg. 5.6. Structural methods of connecting the
warhead and rocket parts of the missile by
meang of a connecting plate.

tially, since the bulging forces at the end of the tube are borne by
the rigid element of the warhead. Generally speaklng, the fabrication
of a warhead with a blind bottom plate exhibits a number of substan-
tial shortcomings in and of itself (difficulty in the mechanical proc-
essing of the inslde cavity of the combustion chamber, the impossibil-
ity of utilizing advanced methods of outfitting, etc.) and this method
i1s therefore used only where absolutely necessary.

Of the two remaining methods, it 1is most expedlent to use the
second. The shortcomings of the first method in comparison with the
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second method in thls case are the following:

— the pressure (pn) due to the fittings, sald pressure arising at
the instant of missile impact against an obstacle and expanding the
walls of the warhead is borne, in the second case, by the rigid collar
of the combustion-chamber frame, so that the possibllity of the Joint
opening at the instant of impact or premature explosion 1s completely
eliminated;

— 1t is extremely difficult to attaln complete agreement between
the outline of the inner contour of the combustion chamber and the
head, from a production standpoint, during the fabrication (production
processing) of the component parts. In practice, we will always have
an error &' in component-part dimensions (Fig. 5.5), and this makes
high-grade fitting out of the warhead difficult nor does 1t make it
possible to make use, for example, of the liner method of outfitting,
said method exhlbiting great advantages;

— the spacer which provides for the selectlon of the clearance A
between the bottom plate and the head part has the shape, in the first
case, of a narrow ring (Fig. 5.5). In mounting (screwing on) the com-
ponent parts, we find that thils spacer 1s easily deformed and fails to
carry out 1ts functlons.

An analysls of the possible types of connection devices for the
warhead and rocket parts allow us to draw the conclusion that in con-
necting these parts by means of a connection plate, from the stand-
polint of strength and permanence of Joint, the best verslion of all
possible structural versions (Fig. 5.6) 1s the one in which the com-
ponent parts being connected are encompassed by the structural ele-
ments of the connecting plate (Fig. 5.6d). Other connections may be
used only when they are made necessary for some specific reason and
only 1f the strength of the Joint and the hermetic sealing of the Joint
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wlll be assured in each particular case.

All that has been said about the connection of the warhead to the
rocket part pertains in equal measure to the second Joint between the
rocket part and the nozzle assembly. And here, the most advantageous
connection version is the one in which the combustion chamber 1s cov-
ered by a nozzle cover. We must bear in mind only that there are in-
creased requirements imposed on this type of connection, since the

hozzle part of the engine 1g subJect to greater temperature stresses.

§3. STRENGTH CALCULATIONS FOR THE BASIC COMPONENTS OF THE COMBUSTION
CHAMBER

The body of the combustion chamber. The baslic stress-bearing com-

ponent part of the combustion chamber is its cylindrical frame. The
frame (body) of the combustion chamber 1s subjected to a pressure
Prasch that 1s uniformly distributed over the inner surface, and it
1s also subjected to axlal forces of elongation which appear as a re-

sult of the pressure against the side covers of the combustion chamber.
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Fig. 5.7. Design diagram of loads, for veri-
fication of strength of middle section of
combustlion-chamber tube.

For the design of the middle part of the frame cylinder we can use

the relationships of the momentless theory of shells, neglecting the

effect of the bending at the edges, and we can make use of the design
diagram of the loads presented in Fig. 5.7.
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A stress fleld 1s produced by the action of this load in the wall
of the combustion chamber, and each point in this field 1s character-
ized, in the general case, by three stresses (Fig. 5.8): a circum-

ferential stress Og, @ radial stress 0o and an axial stress g,.

Fig. 5.8. Diagram indicating distribu-
tion of main stresses acting on the wall
of the combustion-chamber tube.

Let us find the relatlonships which determine these stresses
in terms of the structural dimensions of the combustion chamber and
let us also determine the characteristics of the material used in
bullding the frame.

For the determinatlion of 9g let us examine the equilibrium of
that part of the cylinder cut by two meridional and equatorial sec-
tions (Fig. 5.9). Since the wall of the combustion chamber may be
regarded as thin, we will assume that the stress oy 1s constant
throughout the thickness of the wall and distributed uniformly with-
in the wall. Given this assumption, the equation of the equilibrium
of the cut-out part, in its projection onto KK, will be

0428 —ppadyd=0, (1 1s the length of the engine) (5.1)
where the resultant of the pressure forces is found by the famillar
theorem on the resultant of pressure forces in a given direction:
the resultant of pressure forces, uniformly distributed over some

contour, in a given direction 1s equal to the product of the pressure
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Fig. 5.9. Stresses 0, in the wall of the com-
bustion chamber.

onto the projection of the closing line of this contour by the gilven
direction (Fig. 5.10):
Frpn=p* (AB)M'—‘.P*, ABsina=p*CB,

From Eq. (5.1) we will obtain

N Ppan (5.11)

or from the callber g of the milssile

d—2
% = Ppacy '_5{—"' (5. 1")

since
d=dpif-20.

The stresses o, arise in the lateral cross section of the tube
as a result of the axial elongation force. We can see from the force-
distribution pattern (see Fig. 5.7) that two forces are acting on the
chamber in a longitudinal direction: prasch(ndzvn/h)’ acting on the
forward connecting device; (prasch(ﬂdavn/u) - gpraschokr)’ is the
force acting on the nozzle cover (the Lanzheven coefficient £ 1is
employed to take into consideration the redistributlion of pressure
over the nozzle cover during the outflow of gases through the nozzle).

If two unequal forces act on the body in the opposite direction,
the body will shift and be elongated. In this case, the elongation
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force will be the smaller of the ac-
tive forces, and the force causing
the body to move wlll be gliven by
the difference between the active

forces. With respect to our case, it

wlll turn out that the combustion

chamber will be subJect to elongation
Fig. 5.10. For the calculation
of the resultant produced by by the following force:
the forces of internal pressure
Prasch’ p*) The pressure acting

on the contour AB; a) angle bhe-
tween the closing lines of the

ﬁﬁntour and the given direction gng i1t will move under the action of

P|=P,m(:€'—" _E"r’) (5.2)

the following force:

: =d? d3
[ Ppacy _i-.'—(ppu Tu"’ Epplel‘lp)]=
. '=EP,.«’.,"Rﬂ
where Rt 1s the force of thrust.
Under the actlion of the force p1 in the lateral cross section of

the chamber, there will arise stresses that are equal to the follow-

ing (in accordance with the definition of the stresses)

()
Gy = v Poeen 4 = -

fe-d) L@-4)

= P, (5.3)

where d 1s the outer diameter of the combustion-chamber tube; dkr

is the diameter of the critical cross section of the nozzle.
Finally, with respect to the stress O it 1s not difficult to

see that this stress will have its greatest value on the inner sur-

face of the chamber:
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0P = = Prace (5.“)
and thls stress diminishes to
o, =0 (more exactly to o, = pH)
on the outer (free) surface of the tube (pH is the external pressure).
Thus all three of the main stresses that arise within the wall

of a combustion chamber under the action of the inside pressure have

been found:

o Poacadn ’
(] % 'y
a — .
¢.=pm ;.’_ N . (5 5)
oMAT — = Ppacw

A comparison of the algebraic magnitudes of the stresses Ogs T,
and o, shows that in terms of the maiq stresses the greatest of these

-0y - 1s, as a rule, the stress Og» and the smallest — o, — 1s the

3
stress cr, even 1f 1t attains 1ts maximum value.

The strength calculatlon 1involves the successive solution of
two basic problems. The first of these problems - the structural cal-
culation — can be reduced to a tentative determination of the wall
thickness 6 which for the selected component-part material (with %
known) must provide for the preservation of the structural strength

with a margin {, under a load of pressure p he In the solutlion of

rasc
this problem we generally take into consideration only the greatest
of the active stresses (in our case, 09) and we determine the re-

quired thickness from the following condition:
'O<.—l-0.
¢

Substituting into this equation the values of o4 from (5.1")

d—D _ 1
pplc\T <T¢.. '
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we will find & to be equal to
z> — Pmend

- 2(”“1“":—0) (5.6)

The quantilty Prasch’ entering into this formula, 1s calculated
as follows:

Prcv=Fk, kzP:.:;m ' (5. 7)

where the coefflcients kl and k2 are employed to take into considera-
tlon the regulated tolerances for the scattering of pressure in the

case of various batches of powders and the elimination of pressure

maé
+t " max

culated according to the balance equation for the extreme positive

on the ignition of the charge; p is the maximum pressure cal-
temperature from the temperature lnterval stipulated in the tactical-
technical requirement.

The determinatlion of the thickness of the wall according to
(5.6) will make it possible to estimate the welght q of the engine
In this case, we may use the tentative relationship:

W=13E(P—a)l=13 = [~ =2y
or after rearrangement '
et (d0—0), (5.8)
where vy 1s the specific welght of the tube material; d is the calilber
of the misslle; 6 1s the thickness of the englne wall.

If Qe (in kg) does not fall within the limits permitted accord-
ing to the tactical-technical requirements for the welght of the
engine, 1t becomes necessary to replace the materlal with a stronger
material or it is necessary to reexamine the interior balllstics of
the englne, so as to bring the weight of the engine within the re-
quired limits.

After the correction of the quantity 6 the second strength-cal-
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culation problem is solved, i.e., the verification calculation. In
the verification calculation the true stressed state at the critical
point of the chamber wall 1s estimated and the true strength margin
of the structure 1s determined. With the adopted assumptions with
respect to the nature of stress distribution through the thickness
of the wall, we will find that the critical point will be the one
that lies on the inner surface of the tube and has the main stresses:

' , 2
°l=°'=PpnaTo

a,—
9= 9,"Ppace _a':%l'o

0y== e"" = —p”“'

In the case of a multiaxlal stressed state, the concept of

equivalent stress o 1s employed in order to determine the strength

ekv
of the component part at the critical poinF. By equivalent stress we
mean the conditional tensile stress whose effect at this point pro-
duces the same stressed state as the effect of the true main ;tresses.
This definition of equivalent stress makes 1t possible to write the
conditions of component-part strength in the case of a complex

stressed state in the followling form
O & 1 %,
i

and the true strength margin C* can be defined as the ratio of these

stresses:
(o=
Soun

For the calculatlon of equivalent stress 1t 1s necessary for us
to know which factor of the stressed or strained state is the deter-
mining factor for the destruction of the component part. To this
time, the nature of the destruction of various materials and com-
ponent parts made of these materials has not been studied with suf-
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flclent adequacy to enable us reliably to seek some equivalent state
and tne condltional equivalent stress which corresponds to this
state. There are only individual hypotheses in thils regard and

these are referred to as strength theories.

For materlals such as tough steels we obtain good agreement be-
zween theory and experiment through the use of the so-called theory
of the strength of maximum tangential stresses, according to which

Opes =9, =¥y (5.9")
or through the theory of the strength of the maximum energy of shape

change, according to which

am=71-§-V(6,—o,)i-i-(c,—c.)’-'-(cl—c,),r : (5.9")
where 01, 02, and 03 are the main stresses;‘v ié the coefficient
by means of which we take into conslderation certain properties of
the material, and which for steel is equal to unity.

The questlons related to the various theorles of strength and
the calculation of equivalent stresses are considered in greater
detall in special literature on this problem as well as in textbooks
dealing with the reslistance of materials.

The verification calculatilon will make 1t possible finally to
refine the unit 6, which provides for the required margin of struc-
tural strength.

If the walls of the combustion chamber are not coated with a
heat-insulating material, we must take into consideration the effect
of temperature on the strength of the engine. This effect makes itself
felt primarily in the appearance of auxiliary stresses within the
walls of the combustion chamber, said stresses proportional to the
magnitude of the temperature difference across the wall. These stresses
are referred to as temperature stresses. In first approximation, 1t
may be maintained that the temperature stresses and the stresses due
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to pressure are independent of each other, so that the total stresses
can be sought in the following manner:

o} maf+of,
where c? is the total stress determined by the effects of tempera-
ture and pressure; cg is the stress component by means of which we
take into conslderation the effect of pressure alone; and c? is the
stress component by means of which we take into consideration the
effect of temperature alone.

The components cg can be calculated in accordance wilth Formulas
(5.5).

The temperature stresses c$ are functions primarily of the tem-
perature difference across the wall of the engine and the geometric
characteristics of the lateral cross sectlion of the tube. The formulas
for the calculatlon of the temperature stresses have the following
form:

of = 5= 1,40,
= Etam 1, (0. 43), (5.10)
of = EaT o f (8., 3),

where E is the modulus of elasticlity for the wall material; a 1s the
thermal conductivity of the wall materlal; p is the Poisson ratio;
fl(d, 6), fz(u, d, 8) and f3(u, d, 8) are certain functions by means
of which we take into consideration the effect of the geometric char-
acteristics of the tube cross sectlon on the temperature stresses;
ATmax is the theoretical temperature difference across the engine
wall.

One of the most complex problems assoclated with the calculation
of the temperature stresses is the determination of the temperature
difference

ATgaz= (Tou—Ts)mas,
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where Tvn = T(t) is the time-varying temperature of the metal at the
inner surface of the tube; Tn = T(t) 1s the time-varying temperature
of the metal at the outer (external) surface of the tube.

In order to select the rated ATmax’ we must know how the tem-
perature changes, with respect to time, at the boundaries of the wall.
The nature of the change T __ = T(t) and T, = T(t) 1s a function of
the temperature in the combustion chamber and of certain physical
characteristics of the stream of the products of combustion, moving
along the 1lnner wall of the engine, as well as of the thickness and
the heat-conpuction properties of the wall and, finally, of the param-
eters of the stream flowlng past the outer wall of the tube., At the
initial instant of rocket-englne operation, let the temperature of

the englne wall be Tgt

. Then, during the powder-burning process a
fraction of the heat due to radiation and convectlion will be trans-
mitted from the hot products of combustion (Tp‘s = 2200°K) to the
"cold" (TS® << TP'®) wall. The flow of heat will be received by the
inner surface of the engine wall. The heat absorbed by the wall will
in part accumulate in the layers of metal adjacent to the inner
boundary of the tube and in part be transmitted to the outer layers
of the metal. As a result of the accumulation of heat, the tempera-
ture of the 1nner layers will increase rapldly, tending at the maxi-
mum to the temperature T3 of the products of combustion. The trans-
fer of heat to the outer layers of the metal will iIn turn result in
the increased temperature of these layers. With an increase in the
temperature of the outer boundary of the wall, a fraction:of the heat
willl be radiated into the external flow which flushes the engine. The
rate of temperature ilncrease for the inner and outer walls, as well
as the distribution of the temperatures in the wall cross section,
are determined by the relationship between the processes of heat ab-
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sorption and heat conduction, the properties of the wall material,

the radlation of heat to the external medium, and certain other fac-

tors.
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Fig. 5.11. Change in the tem-
perature field in the case of
nonsteady-state heating of the
combustion-chamber wall of a
solid-propellant rocket engine

", pn, ™) pressure, density,

and temperature, respectively,
of the external medium} pp.s’

Pp.s’ Tp.s) pressure, density,
and temperature, respectively,
of the products of combustion;
ql) flow of heat to the wall

of the combustion chamber; q2)

flow of heat to the ambient
medium; Aq) heat accumulated
by the wall.

The solutlon of the problem re-
lating to the nonsteady-state heating
of the wall 1s comparatlvely complex
and 1s therefore not presented here.
The nature of the change of the tem-
perature field of the wall, with re-
spect to time, 1s illustrated in
Fig. 5.11.

If we take 1nto consideration the
temperature stresses, the stressed
state of the critical tube point will
be characterized by the total stresses:

F=Ppuci T+ 512 1,0, ),
%= Py ‘f,': S Blan g, 0,0,
5} == Pca + EaAT o0nfy (3. 4, 3),

(5.11)

where dg, 02, and ci are the total
stresses, and the subscripts to the
stresses are distributed in the follow-

ing manner, as before:

‘."g.

The heating of the wall results not only in the appearance of

additional stresses, but it is also important to bear in mind that

with a change in the temperature of the wall there 1s a change in the

permissible stress for the given material. In this connection, 1t 1s
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necessary to Introduce into the calculation the quantity (cb)T
rather than the standard value of Oy the first quantity 1s deter-
mined for some mean temperature of the englne wall.

If we take into consideration the temperature stresses and the
reduction of the permissibie stress in the heating of the wall, the

formula for the structural calculation takes the following form:

3} Ppu!d

2 Pplew+':—(°o)r—°{] (5.12)

in which case, given comparatively low temperature differences ATmax

(given uniform heating of the wall), we can use the simplified re-

lationship

> Prced .
-)[ +__l_(°)] 2|
- |Fracat 7 (olr (5,1 )

Fig. 5.12, Selection of dlagram for veri-
fication of the strength of the forward con-
nection plate of the combustion chamber.

The condition for the verification calculation takes the follow-
ing form:
Gea < (00) -
Glven uniform heating of the wall, the temperature components
of stress can, in first approximation, be neglected in the calcula-

tion of °ekv'

The connection plate, The connection plate connects the combus-

tion chamber with the warhead of the missile. The basic load acting

on this component part 1s the pressure Prasch distributed uniformly
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Fig. 5.13. Load diagram for a clrcular-
plate element. 8) Instantaneous section
angle; dr, df) dimensions of the ele-
mentary surface in the plane of the con-
nection plate; h) height of the surface
(thickness of the wall); M., Mg) bending

moments; o, ce)normal stresses at the

sides of the surface.
over the plate. Strictly speaking, the contour employed to test the
strength of this component part should be the round plate (pinched
along 1its contour) whlch lles on an elastic base, i.e., the fittings
of the missile warhead (Fig. 5.12a). However, in practical calcula-
tions we most frequently use the simplified diagram shown in Fig.
5.12b), neglecting the presence of this elastic base.

Figure 5.13 shows a diagram of the forces and moments acting on
an element of the round plate as well as the determining stresses at
the sides of this element.

We will not attempt a conclusion at this point, but will present
the final formula for the calculation of the stresses which determine
the strength of the component part. These formulas (for those points

lying on the outer contour of the plate) take the following form:

ope == ‘:.

3
6P (5.13)

&
O Lo
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The structural design of the component part is carried out on

max
r

wall 1s determined by the caliber of the missile 1n accordance with

the basls of the stresses ¢ . In thls case, the thickness of the

the following relationghip

Tas—ppun (d__._’lﬁﬁ=% %
in Lhe form .
31.3-—;- ! . (5.14)
. 4'l'0.
14 '-i%::-

Since the presence of an elastlic pad BB 1n an actual structure
reduces a portion of the active load, the thickness 6 of the plate
wall, determined from (5.14), will assure the strength of the com-
ponent part. In this connection, the verification calculation for the
plate, as a rule, is not carried out. Moreover, we can select a coef-

ficient k €< 1 such that

will provide for the strength of the connection plate.
. ] For a preliminary evaluation of
the magnitude of 6, we can use the

following relationship:

- Douy

3=0,45d 1 . (5.15)
Fig. 5.14. Diagram of distribu- e
tion of rated locad on the wall
of a rocket nozzle. Evakh) In the practlice of desligning
flare angle of the outlet ‘
funnel of the nozzle. reaction-thrust armament we may en-

counter cases in which a convex shape 1s lmparted to the connection
plate in order to increase the rigidity of the connectlon plate or
for certain other purposes (the improvement of the fragmentation of
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the combustion chamber on the explosion of the warhead, etc.). In
this case, the strength calculation for the component part becomes
even more cumbersome. In first approximation, it is possible to cal-
culate the reduired thickness of the wall of the convex connection
plate by means of Formulas (5.14) and (5.15), bearing in mind that
the quantity 6 will, in thls case, be determined with some excess.

The nozzle assembly of the combustion chamber. The nozzle as-

sembly can be made in the form of a nozzle cover or in the form of
a single central nozzle.

Figure 5.14 shows a diagram of the load acting on the walls of
a single nozzle. Under the actlon of the component of thls load, the
nozzle walls become elongated in the radial direction, as a result
of which stresses arise wlthlin the wall;

¢.=-£‘£-=)‘-cm.'

s
where Py 1s the static pressure in the 1th section of the nozzle
(d1ameter di)‘

In accordance with the elementary theory of nozzles, thils pres-

sure 1s determined from the following relationship:

[]
R
=1+ mi) .

where Pg i1s the pressure in the combustion chamber; M1 is the M(ach)

number of the flow in the ith sectlion, said number determined in
turn by the magnitude of the area F1 of the 1th section,
f:-(wb’l'"’? o

"".("—31»1)1-“7Err

R is the area of the critical cross section of the nozzle.

kr
Finally, for some ith section of the nozzle the minimum wall
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thickness which will ensure the strength of the component part with
a strength margin { 1is determined as follows:

= (dea); ' Ppecn - 1

L 2 ) 1
sty

(5.16)

The stressed temperature coqditions in the nozzle, and parti-
cularly in the region of the critical cross section, make it neces-
sary to fabricate thicker nozzle walls than would be required in ac-
cordance with (5.16). The additional mass of the metal increases the
quantity of heat removed from the 1nner surface of the nozzle proflle
thus preventing overheating and metal\erosion, caused by the action
of a high-veloclty stream of gas agalnst the overheated wall. In the
case of large flow rates and operating times, special graphite,
molybdenum, or other heat-resistant liners are employed in the
throat (the critical cross section) to prevent the formation of
scale on the nozzles. The temperature drops rapidly in the diverging
part of the nozzle and the temperature effect on nozzle wall strength
can be neglected.*

In fabrication of the nozzle assembly in the form of a nozzle
cover, the thickness of the component part 1s determined by the
linear dimensions of the nozzle, and this thickness, as a rule, en-
sures the strength of the connection plate with multiple margin
(Fig. 5.15a). The strength of such a component part need not be
checked again. Even in the case of a prefabricated multinozzle as-
sembly (Fié. 5.15b) the thickness 1s after all determined on the
basls of structural and production considerations, rather than on the
basis of strength. For purposes of control it miéht be borne in mind
that the connection plate will be strong in the case of a multil-
nozzle assembly if the minimum thickness of the component part is not
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made smaller than the thickness of the forward connection plate,
sald thickness calculated on the basis of the formulas cited above.

Threaded joints of combustion-chamber units. The most common

Jolnt for the combustion chamber of a missile with the warhead and
the nozzle cover is one involving threading. The thread may turn out
to be a weak point in the construction of the missile, especially in
the case of turbojet missiles in which great rpm produce additional

load, markedly reducing the effectiveness of the threaded Joint.

Fig. 5.15. With respect to the problem of check-
ing the strength of the nozzle cover made in the
form of a multinozzle assembly. 6 < 61, 62;

6162 were determined on the basis of structural
and production considerations.
Figure 5.16 shows the load dlagram for a threaded joint that is
characteristic for thread operating conditions in a rocket missile.
The basic load on the turns of the thread is produced by the longi-

tudinal force Py which 1is equal, as has already been shown, to
Pa-% (do— Ed:p)p!'“

The bulging load Po produces no stresses in the thread; however,
as a result of this force the magnitude of the contact surface of the
turns 1is reduced and the hermetic sealing of the Joint is disrupted;
all of this results in a reduction in the strength of the joint, so
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Fig. 5.16. Load diagram of threaded joint be-
tween combustion chamber and nozzle assembly.
pl) longitudinal load; dl) inside diameter of

the thread; dr) thread diameter; dsr) average
diameter of the thread; p2) outward force which

separates the joint; s, a, h, t) elements of the
thread profile.

that we can state that the presence
of Py is 'equivalent to some increase
in the theoretical load 12 and this

must be taken into ccnsideration in

the calculations. To reduce the un-
Flg. '5;17. Theoretical disgram desirable effect of the impairment
iﬁ; zﬁsgﬁeogaggrg?dbgggi;z?n' of the strength characteristics of
the Joint as a result of the actlon
of Pos the component parts of the two prefabricated units are fre-
quently screwed on with a red lead putty or with special lead monoxide
compounds. With this type of assembly, the tightness of the joint in-
creases markedly, and it may be stated that the presence of Py does
not reduce the strength of the threaded Jjoint.

The effect of load P, is such as to produce bending, crumpling,
and shearing of the working turns of the thread. Calculations show
that the bending stresses are determining in this case. |

In designing a thread to withstand bending it is assumed that

the work of a thread turn is equivalent to the bending of a beam which
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colncides in shape with the profile of the thread and is embedded
along the base of the profile (Fig. 5.17). Then, using the familiar
relationships for the bending of a beam, we will obtain

My 1
“=v

where oy 1s the bending stress; M1 is the bending moment; W is the
moment of cross-sectlon resistance to bending; sz = lr is the working
length of the thread; 2z 1s the number of working turns in the thread;
s 1s the pitch of the thread, or after substitition of M1 and W

. 1
—-— 8 1 2L
W=, 0.858F = .z0.88 dily (5.17)

-8
Here the factor 0.85 is used to take into consideration the fea-
3

tures of an actual thread profile in comparison\against a theoretical

profile.
The required working length of the thread 1s hence determlined

in the following form

1,=0,88—E&—,

‘|T..

where { is the strength margin, or by taking into consideration the
expression which determines 121

1,=0,88 %(i'T“}—'l P07 —4'—“5—

“Tn L

Ppace

i.e., iIn terms of the nominal dlameter of the thread:

I Y Pen (5.18)
@—2) 1

1,
[Pad

The total length of the threaded section can bhe determined if
we hold that
. Ly=(14+1,8) b

- 224 -



i.e., according to the following formula

-(f Pyoce
a2 TR
4L @—20 1_° (5.18")
3 %
The condltion of thread strength against shearing, apparently,

is written in the following form
'P.==*d,'(q.85a)z‘le,,

where Ty is the destructive shearing stress, whence the shearing
stresses, whilch appear in the thread turns under the action of the
calculated load, are determined as follows:
,~03;-L"p_, (5.19)
‘ (4,—2:)1,

We will see that this stress 1s smaller by a factor of more than
two than the stresses oy due to bending, which are determined accord-
ing to (5.18) for this very same section as being equal to

l w”

(4,-2:)1.,’”‘? (5.20)

0, =0,7

We will assume, without proof, that the equivalent stress for
testing thread strength will be

which, if we take into consideration (5.19) and (5.20), ylelds

'
%=V 0,75+4.0,3 ——:—"p’m (5.21)
&~

0,92 —lp

For test-stand chambers and engines capable of being started

repeatedly, it would be expedient to evaluate the possibility of
thread crumpling. Thread crumpling will not occur 1if

Pr<x dy(0,648) Z Oom, (5.22)
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where 0.64 is employed to take into consideration that part of the
profile helght engaged in the crumpling; sz = lr is the length of
the working section of the thread; %m is the permissible specific
crumpling load.

it

Fig. 5.18. Examples of welded joints in the
construction of a rocket missile.

The relationshlps presented here can be used not only for the
deslgn of the threaded jolnts between combustion chambers and war-

heads and nozzle covers, but for the design of other threads en-
countered in the design of a rocket missile (threaded [screwed in]

nozzles, sparkplugs, etc.).

Connectlion of combustion-chamber units by means of welding.

Threaded Jjoints exhibit a number of structural inadequacies, of which

the most substantial are the need to make the component parts sub-

stantlally thicker at the joint and the comparatively great fit area.
More promising from this point of view are connections made by

means of welding — contact welding (Fig. 5.18a) or arc welding

(Fig. 5.18p).

When arc welding is used, the component parts, as a rule, are
connected into a joint with a V-shaped spreading of the edges. The
rated load for verification of the strength of a joint seam is the
tenslle stress, and assuming a continuous seam for the entire length
of the weld, the conditions of Joint strength can be written in the
following form:

P1<0’ h 2d, (5.23)
whence the required height h of the weld seam (the thickness of the
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wall at the weld) is defined as

or after substitution

Pi= (=)

h01g5 =t P

—:-.' (5.24)

where ¢! 1s the permissible tenslle stress for the weld seam of the
Joint. The magnitude of this stress 1is primarily a function of the
type of welding employed and amounts to 0.6-0.9 of the permissible
stress for the basic metal (0.6 for manual welding, and 0.9 for auto-
matic welding with a layer of flux).

In refined calculations, 1t should be borne in mind that in addi-
tion to the tensile force Py, an outer bending moment acts on the weld
seam, and the magnitude of this moment 1s a function of the relation-
ship between the pressure in the combustlion chamber and the rigidity
of the tube.

If the component parts being welded are not too thick, contact,
seam, or even point welding are generally employed. The strength of
the Jolnt 1in thilis case 1s determined by the possibility of shearing
the weld points and is written in the following form:

-":.r'
’l<‘oTnc.ﬂ (5-25)

where Té is the permissible shear stress for the weld point ds t

the dlameter of the weld point; Ny ¢ is the number of points, whence
the required number of weld points is determined as follows:

..:it.__..
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or after substitution of the expression for P,

‘:"“: Ppten
ne.,.—_—.-TL:. (5.26)
c s

Here, for the various types of welding, the values of Té should
be set at 0.5-0.65 of the Oy of the basic metal, and the optimum
magnitude of the weld-point dlameter should be regarded as equal to

dos=1,5hun+5 an,
where hmin is the minimum thickness of the component parts being
welded.

§4. DESIGN OF MISSILE NOZZLE ASSEMBLY

The diaphragm, the volume of the combustion chamber behind the
diaphragm, and the nozzle cover make up the so-called nozzle assembly
of the engine. This assembly serves to shape the stream of the pro-
ducts of combustion at the outlet from the chamber of the engine and
to set up the calculated outflow. The design of a nozzle assembly 1s
one of the most important stages in the development of a missile de-

sign.

Selectlon of Type of Nozzle Cover

The nozzle cover may be made in the form of a single central
nozzle or in the form of a multinozzle assembly (nozzle cover). The
cholice between these two versions of nozzle assembly depends on a
number of factors, among which, first of all, we should point out
the following:

— the structural diagram of the missile;

— the type of missile stabilization;

-~ missile caliber;

— tactical-technical requirements with respect to flight range
and firing accuracy.
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It is quite evident that the nozzle:cover version with a single
central nozzle 1s possible only in the case of a normal missile de-
sign or, for example, in the case of designs in which the rocket
portion is contalned on the inside, Jjust as it is initlally assumed
in the design of a turbojet missile that a nozzle cover 1s to be
employed. The influence of missile caliber on the selection of the
type of nozzle cover for the missile 1s a less determining factor. We
can say only that missiles having calibers between 80 and 100 mm are
made, as a rule, with a single central nozzle, although the well-
known Germany missile "Taifun-P" (d = 100 mm) nevertheless had a
multinozzle cover. With missiles having calibers of 4 > 100 mm, the
nozzle assembly can be fashloned as a multinozzle cover, as well as
with a single central nozzle. All other conditions being equal, the
fabrication of the nozzle assembly in the nozzle-cover version is
characterized by a number of substantial advantages, among which the
followlng are particularly important:

1) the possibility of achieving some gain in the weight of the
unit, particularly for missiles of medium and large calibers (Fig.
5.19);

2) the increase in missile firing accuracy by reducing virtually
to zero the possible excentricity of the reaction force;

3) improvement of the gasdynamic gas-discharge regime from the
combustion chamber and the reduction of losses attributable to the
formation of the stream at the inlet to the nozzle;

4) reduction of the dimensions of missile length, etc.

Individual nozzles, particularly nozzles of large dimensions,
are generally stamped and welded constructions (Fig. 5.20). Sometimes
casting 1is employed in the fabrication of such nozzles.

A nozzle cover can be made in the form of a single component part
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with bored (drilled) nozzles, either

l\_‘ ‘ in the form of an assembly into which
E§> n . . the individual nozzles are drilled
g ‘ N a (less frequently, welded, rolled,
f% \*~?-:L-, . extruded) into a bottom plate carry-
ing a corresponding grouping of pre-
1 . P

2)n‘-umw set holes (see Fig. 5.15). The ver-

Fig. 5.19. Diagram of change slon for the structural outline of the

1

fgrwsigggugfvgggfégsaggeggézrs nozzle cover 1is selected on the basis

with n bored nozzles. o) weight

of actual component parts; x§

3gigg%agiogoﬁgégggé ;grgf 2) and a comparative evaluation of their
L

n, number of nozzles.

of & welght analysls of the assemblies

adaptabllity to production. Individual
small nozzles of prefabricated multinozzle covers are made in the
form of a single component part, turned from a rod, or in the form

of a welded construction (Fig. 5.21).

Fig. 5.20. Example of structural design
of central nozzle. aavkh and vakh are

the flare angles of the inlet and outlet
nozzle cones; a is the angle of nozzle-
axis inclination to the engine axis.

Nozzles employed in engines exhibiting a burning time of between
5 and 10 seconds can be made of conventional low-carbon steel and need
not be cooled during operation. In the case of longer burning time,
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Fig. 5.21. Various nozzles for prefabri-
cated multinozzle covers. dth and dvykh

are the inlet and outlet nozzle diameters,
respectively.

speclal measures must be implemented in order to prevent the over-
heating or burning out of the nozzle walls. Since the external forced
cooling of a solid-propellant engine introduces undesirable compli-
cations from the standpoint of design and substantially increases

the weight of the engine as a result of the ballast mass of the cool-
ant, these measures must be reduced to the selection of speclal mate-
rials whose utilization in the nozzle construction will avert any
excessive overheating of the component part. Various ceramics, speclally
processed graphite, and similar heat-resistant materials are employed
for such purposes on a wide scale. Component parts of these materials

are extruded or produced by powder-metallurgy techniques,

Calculation of Flowthrough and Linear Nozzle Dimensions

The contour of the inner nozzle cavity 1s defined by three
flowthrough (dvkh’ )., and d,) and three linear (1,, 1, and 13)
dimensions, where dvkh is the diameter of the inlet section; dkr is
the diameter of the critical section (throat); da is the diameter
of the outlet section; ll is the length of the inlet cone;‘l2 is the
length of the critical nozzle section; 13 is the length of the out-

let funnel.
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A diagram of the basic nozzle
dimensions is presented in Fig. 5.22.
The flowthrough sectlions of the

L

nozzle determine the most important

Fig. 5.22. Diagram of flow- parameters of a rocket engine. For

and linear nozzle di-
ﬁgﬁgfgﬁs,n example, the formula for the reaction

force R, written in a form containing
the Lanzheven [Langevin] coefficient, shows that the magnitude of this
force 1s wholly determined by the pressure in the combustion chamber
and the dimensions of the flowthrough sections of the nozzle,.

Re=tpooig,

where ckr is the area of the critical nozzle section; £ is the
Langevin coefficient whose numerical value 18 a function of the ratio
between the dlameters of the outlet and critical sections of the
nozzle (a function of nozzle divergence).

The most important of the above-enumerated dimensions is the
diameter d,., of the critical section of the nozzle (the throat). The
magnitude of this diameter, in first approximation, can be found from
the equation of balance

8,15 ?Aﬁo‘n'

in accordance with which

: ' Lt |
=)/
or by taking into consideratlon the average values of the constants

¥ = 1.6 g/cm3 and A =~ 8 g/kg-sec

s
"w"’°-5l/";." (5.27)

where u, 1s the linear powder (grain) burning rate for the conditions
given for the particular engine, in cm/sec; SZ 1s the total burning
- 232 -
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surface of the grain, 1in cm2

3 Py is the working pressure in the com-
bustion chamber, in kg/cmz.

Experience in the testing of solid-propellant rocket engines has
demonstrated that the calculated throat dlameter must always be cor-
rected on the basis of the results obtained in hot-firing tests, since
the outflow of the products of combustion is a strong function of
the structural features of each specific engilne.

If the purpose of the experiments is to determine the coefficlient
¢ by means of which we take into consideration the difference between
the actual gas flow rate through the rozzle and that calculated on

the basis of theory, the dimension dkr can be determined more exactly

in accordance with the followlng formula:

dg=05)/ "2, (5.28)

where ¢ 1s the discharge correction factor, 1.e., the ratio of the
actual mass flow (gas flow rate) from the given engine to the theoreti-

cal mass flow (gas flow rate):

M
Yatptn At

B A

Wi and Pyp &Tre respectively, velocity and density of the gases in

t is the actual gas flow rate from the engine.

the nozzle throat; M.°

For engines with various nozzle-assembly versions and parameters
of interior ballistics, the factor ¢ has an average value of ¢ =
= 0.85-0.98.

There are other methods of calculating the magnitude of dkr‘
however, not a single one of these methods can guarantee a dimension
dkr which will not require subsequent correction.

The second important nozzle dimensions 1is da' Its magnitude for
a given dkr is selected in dependence on the proposed divergence of
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the nozzle which is adopted in the planning stage. Nozzle divergence
is the ratio of the outlet diameter of the nozzle to the diameter
of the throat (critical cross section):
€ = da/dkr (less frequently ca/okr).

This ratio is an extremely important structural characteristic
of an engine, since 1t determines such engine parameters as thrust
and specific impulse. With constant parameters of interior ballistiecs,
the thrust of a rocket engine and its specific impulse can be in-
creased only by changing the nozzle exlt angle. In practice, nozzles
with great divergenca are ﬁsed comparatively rarely, since gasdynamic
losses in such nozzles reduce the effect of increasing R and Jl with
an lncrease in € = da/dkr‘ A reduction in the ballistic characteristics
of an englne can be observed 1n nozzles with da/dkr > 3-4, since the
increment in thrust in such nozzles sometimes fails to offset the
increased welght of the englne structure.

It should be borne in mind that

£ d‘: =30
1}L"_apnuh‘”‘1i]L'€

R t'."—-‘

some nozzle expansion (divergence) can

be achieved through nozzle length or

dq

the flare angle of the outlet funnel

by (Fig. 5.23). The condition of con-

Plg. 5.23. Diagram of nozzles tinuous gas flow through the nozzle

exhibiting € = da/dkr = const

for various pairs of dimen-
sions 2vakh and 1. flare to the following quantity:

limits the permissible angle of conilc

In this case, the following angle is regarded as oﬁtimum:
 (2Bssx) omr =~ 18°,
here, however, on the baslis of calcuiﬁtion data, with a change 1in
2vakh from 10 to 30°, the specific impulse of the engine changes only
by 2-3%.
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The dimension 1 1s chosen on the basis of results obtained in
a welght analysis of the varlious nozzle versions.
Nozzles exhibiting the following divergence are most widely used
in practice:
e=1,5+25.
With the selected nozzle divergence and the calculated dkr’ the
diameter of the outlet section of the nozzle 1s defined as
dy = edy, (5.29)
in which case, generally,

da=(1,5—2,5) dip.

il

Filg. 5.24, Stability (technological) of dimension
dkr as a function of the area 12 with an outlet-

cone flare-angle tolerance of T A, A) Tolerance
. qrasch
for magnitude of angle 2vakh’ dyr ) calculated

magnitude of critical cross section; dj ., and dﬂr)

dlameters of throat (critical cross section), cor-
responding to limit values of the angle aﬁvykh‘

The third flowthrough nozzle dimension (dvkh) is8 not a theoreti-
cal (calculated) dimension and is selected on the basis of structu.al
considerations. The linear nozzle dimensions 1 and 1, are also not
calculated and are selected during the design stage. Upon designation
of these dimensions, the following recommendations can be kept in mind:

1.1, = (3-1&)dkr must not be less than 10-20 mm with an inlet
cone flare angle of avkh = 90°.

This relationship between the elements of the geometry of the
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inlet cone provides for the formation of a stream at the inlet to the
nozzle with the smallest losses, and a comparatively short length
for the 1inlet cone.

2. la S dkr must not be less than 3-5 mm.

This dimension 1s set on the baslis of two baslic requirements —
the production-technological requirements and the operating require-
ments. From the standpoint of production, the need for the area 12
can be explained by the fact that only with such an area is it possible
to hold the dimension dkr to a high precision class in the case of
comparatively nonrigid tolerances for the dimensions of the inlet and
outlet cones (Fig. 5.24). Moreover, the cylindrical surface of the
critical cross section may be used as a rellable control and produc-
tion base for the processing (machining) of the profile of the inner
nozzle channel. The operational requirements with respect to the quan-
tity lz are determined by the fact that the stabllity of the dimen-
sions dkr depends to some extent on the quantity 12 during engine
operation. Phenomena such as nozzle-wall erosion result in a situa-
tion in which, for small 1,, substantial "erosion" of the nozzle is
observed, and this leads to a drop in pressure in the combustion
chamber, as a result of which the englne 13 no longer operating at
the theoretical regime.

With definite dkr and da and the selected nozzle exlt angle, the
quantity 13 1s determined on the baslis of the following relationship:

dg—dyp
tan p m=—-— -,
&

and the calculation formula 1s conveniently presented in the follow-

ing form:

[/
b= e ¢ (5.30)
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where B is half the flare angle of the outlet cone of the nozzle.

vykh

Selectlon of Grids

In almost all contemporary solid-propellant rocket engines there
is a diaphragm (grid) that is a structural part of the nozzle assembly}
of the missile. The grid is designed to support reliably the powder
charge (gréin) in the combustion chamber and serves simultaneously
to ensure the best possible burning conditions for the graln and the
complete combustion of 1ts particles in the chamber without ejection
of sald particles from the engine. It should be borne in mind that a
certaln quantity of the powder particles are nevertheless eJected
with the stream of the products of combustion, so that the grid helps
only to reduce the number of such particles. From the standpoint of
the gasdynamic operating regime of a rocket englne, the presence of
a grid reduces engine characteristics, since the grid 1s a source of
additional internal resistance which throttles the stream of the pro-
ducts of combustion.

Numerous experiments with grids of various shapes have shown that
the magnitude of the free cross section Fd.sv or even the ratilo
Fd.sv/(ﬂdﬁr/h) are inadequate characteristics of the actual role
played by the grid in the englne. To evaluate the properties of the
grid, the configuration of the component part is extremely important,
as 1s the relationship between the shape of the grid and the shape of
the selected powder grain, and the mutual position of the flowthrough
sections of the grid and the engine nozzles. The butt ends of powder
grains must not cover the free cross section of the grid, since other-
wise the effective free cross section of the grid 1s reduced and the
pressure losses increase. The gasdynamic characteristics of the grid

are noticeably improved if the grains do not rest on the plane of the
¥tg = tan
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grid but on special protuberances of the grid, generally fashioned
in the shape of fins. The presence of such fins ensures a fixed
clearance between the butt ends of the burning grains and the sur-
face of the grid, which improves the conditions of gas flow to the
nozzle and reduces the losses due to grid resistance. The height of
the centering ribs 1s generally 5-10 mm (for missiles of medium cali-
ber). The shape of the grid is selected so that the nozzle orifices
of the combustion chamber are projected onto the free spaces of the
grid. Of the remalning factors whose consideration makes possible the
design of a grid with high characteristics, we should mention the
following.

1. The shape of the grld must be such as to provide for a clear-
ance of the order of 10 mm between the inner surface of the chamber
and the outer contour of the grid. From thils standpoint, a ring with
a dlameter equal to dvn cannot be tolerated as the outer contour.

The above-mentloned requirement pertains to the case in which
a charge (a single-grain or multigrain charge) is used in an engine,
and the charge burns both along the outer and inner surfaces. In
the case of single-grain charges burning only in a channel, the shape
of the outer contour of the grid is not of great significance.

2. It 1s desirable that the outlines of the grid elements be
streamlined in the direction of the gas flow. In order to avoid com-
plex mechanical processing, grids with streamlined elements are most
expediently produced by casting.

3. The strength calculations for the grid is a difficult problem
in practice. The fin thickness for grids is, as a rule, selected by
experimentation. In evaluating the strength characteristics of a grid,
it should be borne in mind that the deformation of this compqnent
part during the process of engine operation is intolerable,
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4. The design of the grid for turbojet missiles should be
selected with consideration of the centrifugal loads produced by
the rotation of the missile. In selecting the shape for the grid, it
becomes necessary in this case to select such shapes in which strength
and rigidity are greater in the radial direction (star, tubular, etc).
Experience shows that the improper selection of a grid or the in-
appropriate selection of the "grain-grid" unit may result in a pres-
sure pulse at the initial instant of burning, and this 1s of course
undesirable,

Generally speaking, a solid-propellant rocket engine can be de-
signed without a grid. The grains can be securely fixed in such an
engine by means of speclal devices mounted on the forward connection
plate, and the eJection of powder particles can be prevented by the
appropriate design of the nozzle cover. All other conditions being
equal, an engine without a grid is more promising, since 1t provides
for better operating misslle parameters.

Experiments have shown that 1t 1s expedient to have a so-called
free space behind the grid in an engine, l.e., a space between the
grid and nozzle cover. The length lsv.d of this space is a function
of the features of a specific engine and, for example, for the M13
missile, is

loa.370,25 dua, (5.31)
where dvn is the inside diameter of the combustion chamber of the
engine.

The englne-operating parameters improve as the space behind the
grid increases; however, the structural weight of the missile increases
in this case, and this 1s intolerable.

It would be desirable for the space behind the grid to be a solid
of revolution with a smooth transition to the outlines of the nozzle
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cover; however, this 1s not an absolute must. Examples of grid de-

signs are presented in Fig. 5.25.

?

Fig. 5.25. Examples of grid designs employed in
solid-propellant rocket engines. a) @Grids for
multigrain charges (stamped-and-welded and cast
versions); b) grid for single-grain charge.

The Concept of Variable and Demountable Nozzles and Nozzles with Con-
Trolled (Gas Streams¥

As has already been pointed out, one of the features encountered

in the burning of rocket powders 1s the relationship between the
burning rate and the initlal temperature of the charge:
8,=u.3c f (fo),
where U, 0000 is the burning rate of éhé.péwder at a charge tempera-
ture of t, = + 20°¢C; f(to) is the temperature burning-rate function,
£(tg) > 1 for ty > 20°C;
£(ty) < 1 for ty < 20°c.

The change in the burning rate with a change in to, at dkr = const,
causes the pressure in the combustion chamber to change as a function
of the charge-ignition conditions, and given identical structural
charge parameters, it will be low in the case of low (minus) tempera-

tures, and high in the case of high temperatures. Since the magnitude
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of pressure determines the basic characteristics of the rocket engine
(thrust, specific impulse), the scattering of the pressure for var-
ious initial charge temperatures produces instability of the char-
acteristics, substantlally reducing the combat and operational char-
acteristics of the weapon. Here 1t should be borne in mind that the
sensitivity of pressure to changes in the burning rate is quite great
and, for example, for the case of a power burning-rate function for

the powder, it amounts to

For certaln brands of powder, the burning rate at various igni-
tion temperatures varies so markedly that the corresponding range of
pressures in the combustion chamber i1s quite simply intolerable.

If we bear 1n mind that for a certain definite powder charge, the
pressure in the combustion chamber, given a fixed burning rate, is a
function only of the magnitude of the critical nozzle section (throat)
of the engine

pra

A %

then it 1s natural to undertake two means of stabllizing the pressure
in the engine for a given temperature interval of engine operation:

1) to use a powder that exhibits
a weak relationship between the burning
rate and the initial charge tempera-

ture and for which the magnitude of

o ' the pressure in the combustion chamber
Flg. 5.26. Elementary diagram .
of self-regulating nozzle. exhibits low senslitivity to the param-
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eters of the charge;

2) to use special nozzles whose throat (critical cross section)
would change with a change in pressure so as to leave pressure approxi-
mately constant.

Since there are virtually no powders that are not sensitive to
the inltial charge temperature, the first method 1s one for future
investigation. However, the second method is quite realistic and there
are many engines for which the magnitude of the critical cross section
1s regulated for the purpose of pressure stabilization over the wlde
temperature interval encountered in the operation of a rocket missile.

It 1s most efficlent to employ a variable-nozzle design which
would monitor automatlically the pressure in the combustion chamber
and react continuously to pressure fluctuations. Such nozzles are
referred to as autocontrollable-area nozzles. An elementary diagram
of a nozzle wi.h smooth pressure control is presented in Fig. 5.26.

We can see from the diagram that the autocontrollable nozzle differs
from an uncontrollable conventional nozzle 1n that a special device
1s mounted in the former to monitor the pressure in the combustion
chamber and to vary the flowthrough section of the nozzle in accord-
ance with the changes in thils pressure.

The device consists of a floating plug 1, gulde springs 2, and
supports 3; the plug is held by three supports 4 in the divergent
sectlion of the nozzle. The floating plug 1s under the action of two
forces at any given instant of time; these forces are represented by
the resultant of the pressure Px.s (in the combustion chamber) dis-
tributed over the frontal surface of the plug, and the resistance
force of the spring, causing the plug to assume a certain position
along the axis of the nozzle, depending on the relationship between
these forces.
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The spring 2 is selected so that at the rated pressure in the
combustion chamber, the plug will assume a position on the axis of
the nozzle at which the area of the flowthrough section of the nozzle
ensures a balance of gases in the englne, 1.e., at which

| 813 - APy,

With an increase in Py.s the.force acting on the plug as a re-
sult of this pressure increases, and the plug shifts to the right 1in-
creasing the flowthrough section of the nozzle. Pressure begins to
diminish in this case, and the plug gradually returns to a position
corresponding to the rated pressure in the combustion chamber. With a
drop in pressure, the plug 1s moved to the left by the springs and
covers the critical cross section of the nozzle (the throat) thus pro-
ducing a rise in pressure.

For the control diagram shown in Fig. 5.26 Py = const cannot be
achleved and it is possible only to reduce substantially the magni-
tude of pressure scattering. This can be explained by the fact that

the counter force p of the spring is not constant and 1s itself a

r
function of the arei of the critical cross section, since

" Pup=cxw=choyy,
since the quantity Op is determined by the coordinate x of the plug's
position on the axis of the nozzle. Here ¢ is the rigidity of the
spring; k 1s some coefficient which determines the relationship between
the coordinate x of the plug's position on the axis of the nozzle
and the area of the open cross section of the nozzle.

Figure 5.27 presents curves for p, = f(ckr) which are solutions
for the equation of balance for the extreme temperatures of the given
interval (t 50°C), and the characteristic of the spring Ppp = CX. We
can see from the figure that if the rozzle 1s of the uncontrollable

kind (o = const = 02), a change in initial charge temperature in a
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range from — 50 to + 50°c wlll cause the pressure in the engine to
vary within limits of Apd = const’ corresponding to the BC ordinate
segment on the graph. The plug-regulator shifts as a result of the
introduction of the autocontrol system shown in the dlagram in Fig.
5.26 in the case of a change in combustion-chamber pressure, thus
producing a corresponding change in the area of the flowthrough sec-
tion. If the spring characteristic is represented by the straight line
AB, the maximum scattering of pressure in the temperature interval of

+ 50°C 1s determined by the quantity Ap' < Ap, ¢» and the

= cons
critical cross section of the engine changes from 0o to gy
The regulation device shown in
Fig. 5.26 1s the simplest possible.
More advanced control schemes make

it possible to maintain a virtually

constant pressure within the combus-

tion chamber over the entire tempera-

ture interval encountered in missile
Fig. 5.27. Diagram characteriz-
ing drop in maximum pressure utllization. Naturally, these more ad-
scattering in combustion cham-
ber as a result of the utiliza- vanced methods are more complex.
tion of the simplest method of

controlling the magnitude of It should be borne in mind that
the critical cross section
Oppe 1) to = + 50°C; 2) ty = it 1s necessary to control a nozzle

not only for the purpose of stabiliz-
ing pressure during missile operation under various temperature con-
ditions, but to provide for constancy of pressure within the combus-
tion chamber at some fixed i1nitial charge temperature, when the con-
figuration of the grain is such that the burning surface is not con-
stant during the time in which the propellant burns.

The deslgn and testing of a selfcontrollable-area nozzle are
connected with great difficulties. One .of the basic problems en-
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countered in the design of a nozzle with a control device is the
matter of providing for the normal functioning of the design under
conditions in which a high-temperature flow of the products of com-
bustion flows past the regulation device (the plug). In this case, it
is absolutely necessary to take into consideration not only the change
occurring in the properties of the structural material situated in

the area of the high operating temperatures, but it 1s also necessary
to take into consideration the distortion of the working characteris-
tlics of the springs used, as a rule, in the design of a plug device.

The development of nozzles with automatically controlled ok is per-

r
mlssible only in those cases in which the utlilization of such nozzles
18 Jjustified by the imposition of high requirements with respect to
the objects and by the small tolerance for the magnitude of the work-
ing pressure.

It 18 sometimes expedlient to employ step control of Olep? since
this 1is structurally a simpler solution involving the utilization of
a complex of demountable nozzles. A diagram showing the application
of such nozzles is presented in Fig. 5.28. Let the pressure Pgp be
the rated pressure at ¢ = const = % 4mn’ and the scattering of this

pressure at the extreme temperatures will be ApU £° We can see

= cons
from the curves presented in Fig. 5.28 that the quantity 8P, .onst
may be approximately the same as the average operating pressure, so
that the extreme pressures will diverge from Pgp by a factor of almost
one and a half. Such a scattering of pressures is intolerable. Let us
divide the set temperature interval of % 50°C for misslile operation by:

summer (+ 50- +20°);

interseasonal (+ 20- — 20°);

winter (- 20- — 50°)
and let us select three various nozzles, each of which will make it
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possible, in its own temperature range, to maintain an approximate
constancy of engine thrust with a relatively small scattering of the
operating pressure. These nozzles are conveniently designated as summer

oletn’ interseasonal ¢, and winter o

zimn’®

P

f— Pep nern

" [ Pep.nret
© v const
CP Inmn

P

oy
el

Fig. 5.28. Diagram i1llustrating possibility of
reducing scattering of pressure p in the com-
bustlion chamber of a rocket engine with a large
interval of operating temperatures t by using
demountable nozzles. -

Figure 5.28 shows that for each of these nozzles the scattering
of pressure 1s substantially lower than in the case of ¢ = const, and
the average pressure levelg are correspondingly somewhat higher
(psr. zimn > pg;?:?;g). To summarize, for the approximate constancy
of the characteristics of a rocket engine, several demountable (seasonal)
nozzles may be chosen and one of these 13 to be used for each corre-
sponding initial charge temperature.

In the design of demountable nozzles, we proceed from the basic

requirement of R = const, which when we take into consideration

R=%pocr
ylelds
Po Or=const
or
P, %, = P9, (5 . 32)

whence for the special case of tl = + 20° we will have
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‘420’ V4 bpyp t—-20°
=] .
w Mt e (5.33)
.~ where k 1s the ratio of the coefficients of the powder burning-rate

function; Bt 1s the thermochemical powder constant, and 1t 1is as-
sumed that u;, = u(ap + b)f(to), and that all of the denotations cor-
respond to tgbse adopted 1n interior ballistics.

Relationship (5.33) makes it possible to select demountable
nozzles graphically. The sequence of the selection is clear from Fig.

5.29. It 1s desirable that the operating range for each nozzle over-

4
. |
+50°C J [peer s etc

Fig. 5.29. Diagram for the selection of
demountable nozzles which provide for
constancy of engine thrust (within the
limits of the glven scattering of thrust).

Rmin) minimal required thrust; Rmax)

maximum required thrust; A) first nozzle;
B) second nozzle.

»

3

Fig. 5. 0. Nozzle with demountable liners.
a) Interseasonal liner (for medium initial
charge temperatures); b) summer liner;

c) winter liner; dppr G dﬂr) eritical

cross seection of interseasonal, summer and
winter liners, respectively; DzA2/02)) fit

diameter of liner assembly with nozzle frame,.
laps that of the others by 5-10°. In designing an engine with de-
mountable nozzles, it should be borne in mind that the number of

- 247 -

B Y S LI



such nozzles must be kept to a minimum. In order to eliminate the
cumbersome operation of nozzle reinstallation, particularly during
the work at the starting position, it 1s expedient to employ de-
mountable central liners rather than demountable nozzles. The replace-
ment of such liners does not require subsequent tedious adjustment of
the nozzles, and thus a significant reduction is achleved in the time
spent on adjustment operations.

Flgure 5.30 shows a nozzle with various demountable liners. In
the fabrication of such nozzles, the complex of liners for each nozzle
1s generally put through its final processing during the assembly
stage. This makes it possible to satisfy the requirements imposed
wlth respect to the surface of the inner channel of the nozzle as
well as to achieve exact correspondence of dimensions during the fit-

ting stage.

Fig. 5.31. Warm-up of "Honest John"
rocket engine prlior to start.

One of the methods employed to stabilize the oharacteristics of
a solid-propellant rocket engine in the temperature interval set for
this engine involves the prestart warming up of the englne. American
periodical literature has presented several photographs of the Army
"Honest John" rocket being preheated before launch (Fig. 5.31). The
Americans use a metallic net as the heat source for this warm-up stage
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i.e., a cover through which an electric current is passed for a speci-
fied period of time. At first glance, this method seems to be con-
venient; however, because of the low heat (temperature) conductivity
of the powder, this method may be employed only in comparatively few
cases.

In recent times engine designs have appeared with nozzles making
it possible to change the direction of the exhaust gas stream accord-
ing to a definite program or on the basls of a specific command. Such
turning of the stream results in the appearance of a lateral reaction-
force component (with respect to the axis of the engine), and this
component 1s generally used to gulde the flight of the object Nozzles
wlth controllable gas streams have heen developed for sustainer
rocket engines as well as for booster assemblies.

As an example we can cite the booster unit for the alrcraft-
missile "Snark" (USA). The utilization of sensitive electronic de-
vices 1n the control system of this misslile makes intolerable any
great acceleratlion of the obJject on launch. As a result, the misslle
acquires velocity comparatively slowly and, since the aerodynamic
control surfaces become effectlive only at relatively great flight
veloclitlies, the missile 1s in fact ungulded during the launch phase.
This may result in pronounced deviation of the mlisslile at the initilal
instant of flight from the calculated trajectory, which in turn re-
sults in the subsequent reduction of firing accuracy. The only means
of gulding the flight of an aircraft-missile during the launching
rhase involves the utllization of the effect produced by the regula-
tion (turning) of the stream of the products of combustion produced
by the missile during the launch phase; this stream must be turned so
as to offset the deviation of the objJect. A diagram of the "Snark"
booster assembly is shown in Fig. 5.32. The command for the turning
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of the deflection device in the nozzle 1s issued from the autopilot

of the object to a servomechanism.*

1
2 B3
< Ppas 210K/
4

8

8(t)
H+———— L3 S
N x4 8(8)
PAA RN
\\\\ \\T \:

: \ﬁb\“

Fig. 5.32. Diagram of construction of
booster assembly with controllable de-~
vice to deflect the axls ot the stream

[of the products of combustion] (air-
craft-missile "Snark" (USA). 6(t)) angle
of turn for speclal device, on command;

a) angle between axes of nozzle and engine;
a+6(2§) total angle of stream deflection;
1) hydraulic pressure accumulator; 2) pres-
sure feed pipe; 3) to autonomous control
system of obJect; 4) operating servocylin-
der; 5) rotating ring; 6) tubing for re-
moval of powder gases.

—~ The development of controllable

< nozzles for sustalner englines would be
expedient, for example, for rocket
missiles with great operating flight

| | : altitudes, where the rarefaction of

4] b) ¢) the alr makes 1t lmpossible to use
Flg. 5.33. Diagrams of nozzles aerodynamic control, and where gas
with controllable gas stream.

a) Nozzle with canted controll- (Jjet) vanes are undesirable from a
able (turnable) outlet; b) noz-

zle with controllable deflec- structural standpoint; the use of such
tion device; c) nozzle with gas

(Jjet) vane. a nozzle is also advisable for certain

similar reasons. For example, 1t 1s well known that nozzles with con-

trollable deflection devices are used in the sustainer engine of one
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of the stages of the ballistic

'y

3 /$ "Polaris" rocket.
; ﬁ” Nozzles with a controllable ex-
§ / //<: haust (gas) stream may be produced in
$ / ""’“* ' a number of versions, and these are
§ ‘Juﬁ}ig presented schematlcally in Fig. 5.33.
§ y The most effectlive of these verions,
I)QQTi; on the basis of data gathered in
?) 5“’“ma“"“"”“"””:? speclal investigations,* is the nozzle

He20 Inemenma

with a telescoplng controllable de-
Fig. 5.34. Operating character-

istlcs for nozzles with con- flection device. However, it should

trollable gas stream. 1) Lat-

eral component of thrust; be borne in mind that the testing of

2) angle of deflection of con-

trol element. such a nozzle 1is associated with great
difficulties.

Plgure 5.34 shows the operating characteristics of the above-
mentioned nozzle versions for purposes of comparison, and here we can
see clearly the advantages of the nozzles with telescopling deflection

fittings.

§5. SEVERAL TYPES OF ROCKET POWDER CHARGES USED IN SOLID-PROPELLANT
ROCKET ENGINES

The working charge of a solid-propellant rocket engine consists,
as a rule, of a single or several independent elements, referred to
as gralns. The powder gralns are made from a speclally prepared initlial
mixture by extrusion into long bars of given lateral cross section,
or by casting. These bars, after cooling and quality lnspection, are
cut into the required lengths and then machined.

The geometric dimenslons and shapes of the powder grains which
go to make up the working charge of the engine have a significant
effect on the basic characteristics and operating regime of a solid-

propellant rocket engine. The shape of the powder grains 1s of particu-
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larly great significance in terms of the burning curve p = p(t),
which determlnes the progressive, neutral, and regressive burning
of the charge.

The curve whilch corresponds to the engine operating regime at
which the pressure in the combustion chamber increases as the charge
burns ls referred to as a progressive curve. By analogy, the regressive
curve 1s characteristic of an operating regime in which the pressure
in the combustion chamber drops monotonically during the operation
of the englne, and the neutral curve pertains to the case in which

the pressure remains constant (or approximately constant).

preicxt -
. ‘e' l)mapmodan cmynens
w 20penus .
h; I
i 2)Mapwedan cmynews 20penus
a" A\
0 tc c“ —;‘r t cen

- ]
i " AOAN

Flg. 5.35. Burning curve with two thrust stages
providing for maximum speed for entry of missile
into the controlled-flight phase. r . and rm)

pressure in combustion chamber during launch and
crulsing regimes, respectively; 7, and Tm) en-

gine operating time during launch and cruising
regimes, respectively; Tboln) total englne operat-

ing time; 1) starting stage of burning; 2) cruilsing
stage of burning.

For the majority of missiles employed by the field rocket
artillery, the thrust of the engine must remain constant throughout
the entire period of englne operation. This means that in the case
of uncontrollable nozzles, the configuration of the powder charge must
provide for approximate constancy of pressure magnitude in the combus-
tion chamber throughcut the entire period of the burning of the powder
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However, this requirement is not a general requirement, since for
certaln types of rockets 1t 1s more expedient to employ, for example,
a progresslve burning characteristic which ensures low thrust at the
beginning and high thrust at the end of engine operation. In this
case, the rocket passes through the lower denser layers of the air
(atmosphere) at a relatively slow speed and accelerates primarily in
the rarefied layers of the atmosphere.

As a result, the mean effectlive resistance and velocity losses
produced by overcoming the resistance are substantially reduced in
comparison with those encountered when englne thrust is constant. It
1s desirable in the case of other rocket missiles to achieve maximum
speed of mlssile entry into the controlled-flight phase, with the
missile moving at a slower speed during this phase, enabling it to
react to the commands of the control system. In thlis case, a regres-
slve or, perhaps even a step, burning characteristic would be prefer-
able (Fig. 5.35).

In certain cases, to attaln the requlred velocity rapidly, the
misslle 1s desligned as a two-stage assembly, in which case the. first
stage 1s the booster which is Jettisoned upon completion of the burn-
ing stage.

Among all possible cross-sectional shapes of grains, of which
the most frequently employed are presented in Fig. 5.36, relative
constancy of pressure 1s provided by grains with specially shaped
channels (for example, star-shaped grains) and grains which burn
simultaneously along the outer surface and the surface of the inner
channels (tubular cylindrical, elliptical, and triangular, seven-
channel and three-channel three-petal grains). It 1s possible to
select a relatlionship between the geometrical elements of the cross

section for these grains at which the total burning surface will be
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Fig. 5.36. Several cross-sectional shapes of
graing frequently encountered in solid-propel-
lant engines. 1) Tubular grains; b) multi-
tubular grains; c) grains without channels.

kept approximately constant throughout the entire period of engine
operation, and at Ok = const determines the constancy of pressure.
As an example, lc¢t us examine a single-channel ¢ylindrical grain.
Let the cross-sectional dimensions of the grain at the initlal in-
stant be the followlng: RO is the circumferentlial radius of the outer
surface; ro is the radius of the inside channel; L0 = const(t) 1s the
length of the grain (and this may be attained, for example, by armor-
ing the side ends of the grain).
The total burning surface So for this instant will be
_SF2nR.L.‘+ 2nroly=2n (Ro-+re) Ly;
after t sec, a part of the gfain will have burnt up, and if the burn-
ing rate during this period of time was u mm/sec, then the dimensions
of the graln will become the following:
Ri=Ry—2ut,
re==ry-}-2ut,
and the total burning surface St will be

Si=2nRoLo+2nriLym 2 (Re+r¢) Lo=
w20 (Ry—2ut--rg+2ut) Lo= 25 (Ro-+-ro) Lo = Se.
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If the grain burns both along the side surface and the end sur-
faces, the total burning surface changes somewhat; however, this
change 1s comparatlively small, particularly in the case of grains of
great length. Let us estimate the value of Asmax' It is clear that
when the ends of the grain participate in the combustion,

Som=21t(Ry-t-ro) Lo+ 2 (R—r%y),
Se=2n (Ret-ro) Le+2x [(Ro%—r%) —4ut (Ro+rs)),

where . L= Lo—2ut.

Hence 1t 1s easy to determine ASt in the following form:
AS;=Si—So=—1 21t ut (Ry+ ro).
The minus sign indicates that the burning surface 1s diminishing
gradually. From a geometrical standpoint
(uf) max<Ro,
so that the maximum change in the burning surface will not exceed
18Susl < 12 (Ry+ 1) R, (5.34)
and since the length of the powder grain, as a rule, 1ls generally

8-12 calibers of the grain, 1.e.,

Ry=—t—

== *
16+24

|8Sgasl < (0,5+-0,75) (Ry-+ £o) Ly

Comparing this quantity with the first term of the expression
determining Sy, we will find that AS ,  will not exceed (0.25-0.35)S,
even in the case of such comparatively short gralns.

In actual fact Asmax is even smaller and, therefore, the utiliza-
tion of single-channel cylindrical grains, as a rule, ensures con-
stancy of pressure in the engine, with a possible deviation of the
order of 5% toward the end of combustion.

We must point out that in certain engines 1t may be completely
unnecessary for the total burning surface of the charge to remain con-
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stant throughout the entire period of engine operation in order to
attaln p = const. The situation here 1s that as the working charge
burns up, certain engine and charge characteristics and parameters
undergo change, and these quantities determline the magnitude of pres-
sure 1ln the combustlion chamber, so that in order to stabillze the pres-
sure this change in engine operating conditlions must be compensated.
The most convenlient method to achleve this 1s the control of the burn-
ing surface of the charge. For example, according to data from Wimpress,
in order to achleve a rigorous p = const in one of the engines em-
ploying JPN-powder charges, 1t would be necessary gradually to reduce
the burning surface, with an approximate reduction of 25 of the
burning surface toward the end of combustion.

Grains which burn only on the outer surface (cylindrical grains
without channels, cruciform, ete.) as a rule exhibit regressive burn-
ing, whereas grains burning from within exhibit progressive burning
(1f the channels of such grains are not given specilal shapes).

In order for the powder grain to burn only along a certain limited
and predetermined surface, a restriction coating is applied. The
restrictlion coatlng applied to a grain involves the application of a
speclal coating to those surface areas of the graln which are not
to particlpate in the combustion process, and this coating 1s cemented
or similarly attached to the powder mass of the grain, thus eliminating
the possibility of the appearance of a flame along the surfaces. For
example, 1n order for the grain to burn only along the surface of the
channel, the outer and end surfaces of the graln are covered with the
restrictlion coating. As an example of a restriction coating we can
clte, for example, the composition of the restriction coatling so widely
used in the USA, which 1s based on standard rubber S (USA standard)
with admixtures of gas black, a plasticizer, and speclal vulcanizatlon
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additlves. For the application of the restrictlon coating of the
charges, the above-indicated mixture 1s prepared in specific propor-
tions and rolled into sheets of required thickness. The gralns are
rolled into these sheets and kept under high pressure in speclal
thermostats (t = 100°C) for specific periods of time. The rubber is
vulcanized 1n the thermostat, and as a result a reliable restriction
coating for the treated surface of the graln 1s formed. Varilous
polymerizing tars and synthetic materials may be employed as bases
for the restriction-coating compositlion in addition to rubber.

In selecting the composition of the restriction coating it should
be borne in mind that the basic requirements imposed here are the
following:

— the need to provide for good adheslon with the surface of the
powder grains;

— instablity to the actlion of the flame and the stream of the
products of combustlon along the restriction coating;

— preservatlion of properties over the wlide temperature interval
of misslle operation.

If the required nature of the curve p = p(t) can be achieved by
selecting a partlcular cross-sectional grain shape and the partial
restriction of the charge surface, then the second basic characteris-
tic of engline operation — the burning time of the charge - 1s com-
pletely determined by graln dimensions and primarlly by the magni-
tude of the so-called combustion cupola. The combustion cupola can
be defined as the minlimum distance between the initial burning surface
and the posltion of the flame front at the final instant of combustion.
For example, in the case of a single-channel cylindrical grain, where
combustion is observed both along the other surface as well as in the
channel, the magnitude of the cupola e is determined by the following
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expression:

+._Ro—nry
€ —=—,

since the positlion of the flame front at the end of the combustion
process corresponds approximately to the center of the grain surface.
If one of the surfaces of such a graln 1s restricted and combustion
takes place only along the surface of the inside channel (or, con-
versely, only along the outer surface), the magnitude of the cupola
will be

e’ =Ro—o.

We can see from this example that, all other condltions belng
equal, gralns burning from without and along the surface of the
channel have a thinner cupola, i.e., a shorter operating time than
do gralns burning only along the channel surface or only along the
outside surface. If the burning surface is the butt-end surface of
the grain, then

=Ly
and, since generally L0 > Ro, the time of engilne operation\in thils
case 1s at 1ts maximum. |

The detalled properties of charges of various configurations are
presented in Table 5.1.

With a reduction in the over-all dimensions of the grain, the
thickness of the cupola in terms of absolute magnitude also diminishes
and, therefore, in order to attain minimum combustion times multi-
grain charges are employed. For example, let a single-grain charge
of a single-channel cylindrical grain having the dimensions R 1’ To1°
and L01 for the previous missile caliber be replaced by a charge con-
slsting of seven grains and a geometrical cross section similar to
the initial grain (302’ rops and Lyo) - Let us see how the burning time
for the charge will change in thig case. In the first case, the magni-

: s
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tude of the combustion cupola wholly determined the duration of grain

combustion, and in this case will be

qu==&%:lm¢=£ﬂ(p_ﬁ¢)

V]

2 Roy

and, correspondingly, in the second case 1t will be

Ryg—rg _R
e“==41?ﬂ‘=7?(l—gt

(e7sh 1s the cupola of a seven-grain charge).

TABLE 5.1.

Properties of Some of the Simplest Types of Grains for
the Case of Comparable Charge Dimensions (Ro, rg = const)

Cpasnnreasnoe
BpeMs TopeHHs

2)

Xapaxrtep
xpusoft

ropensn 1)

3)

Masoe -

4)
Cpenuee

5)
Han6oabutee

nporpeécnnu n
6)

7)
lllamxn ¢ rope-
ENeM 1O mosepx-
HOCTR  HUHANMADH-
NCKOTO KaHaxe

an)

p=const

/

8.20
Illamxu, fops-
e CHApYXKK M

DOSEPXBOCTH
naxa

/ilamkn,
mae 5o NOBEPXHO-
CTH KAHAAR, HMEW-
wero CAOXNYy0
dopuy; wawmkn ¢
NPOnKAIMN

Top- |

107
Wamxn, ro-
pRute ¢ TOpUA

lerpeccusuas
11)

. lc)
llamxn ¢ rope-
Hnex no Rapyxcofi

NOBEPXNOCTH

1) Nature of the combustion curve; 2) comparative com-
bustion time; 3) small; 4) average; 5) greatest; 6) pro-
gressive; 7) grains with combustion along the surface of

a cylindrical channel; 8)
and along the surface of the channel; 9

grains burni

on the outside
grains burning

along the surface of a channel of complex shape; grains
with grooves; 10) grains burning at the butt-end surfaces;
11) regressive burning; 12) grains burning along the

outside surface.

If we assume that

and that 1f the seven grains are tightly packed into the combustion

2Ro1~dpy

(_ chamber, having an inside diameter of d, s
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we wlll obtaln the following for grains with similar cross sections

R (L-ﬂl

“m_ __"L_&)_

Clm o
&“O Rm)

=L
3

l.e., in the second case the burning time for the charge diminishes
by a factor of three in comparison with the very fastest burning ver-
slon of a single-graln charge.

In making the transition to a multigrain charge, the charge den-
sity characterized by the welght of a unit of charge length, as a rule,
diminishes (see Table 5.2) and the length of the combustion chamber
increases in order to hold the earlier quantity of powder within the
engline. Thls results in an impairment of the welght characterilstics
of the engine and, 1n partlcular, leads to a reduction in the value
of the ratio w/qp which, according to the formula of K.E. Tslolkovskiy,
determines the magnitude of the velocity acquired by the mlssile as a
result of the functioning of the rocket engine.

TABLE 5.2.

Comparative Charge Density Characterlstic for
Powder Rocket Charges Having Various Cross-
Sectlonal Shapes

' - ) 3
Koanwecrso

dopMa nobepesnoro cevenns m"ueu . Maotwocts

1) mamxu , sa,aae | 3epmxanns
4) OAROKARAAMNAR ARANNADNIECKAS IS WK 1 1,000
5) To xe .8 0,834
. 7 0,916
6) TeaecxonNvecKan WAWKA, 1 0,984
Counxanoasnas mamxa Yoama 1 ~1,000
g TPexxanasssas TPEXACNECTXORAN HIAMKA 7 0,967
Q) KpecrooGpasmaa mamxa 1 0,909

l) Shape of grain cross section- 2) number of grains
in charge; 3§rchar e density; 4) single-channel cy-
lindrical grain; 5) the same; 6) telescoping grain;
7) seven-channel Walsh grain; 8) three-channel three-
petal grain; 9) cruciform grain.
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Let us take note of the fact that in the case of constant grain#
cupola thlckness, the burning time can be changed by altering the
pressure magnitude which determines the powder burning rate; however,
in this case, the time of engine operation can be changed only within
comparatlvely narrow limlts.

Thus the following applies with respect to a preliminary recom-
mendation on the selectlon of the type of powder charge for the engine
beling designed.

1. If thrust must be kept at a constant level throughout the
entlre period of englne operation, the graln selected should be taken
from among those burning from within and having a complex channel
configuration or burning from without and along the surface of the
channel; for extremely long periods of engine operation, we must
select a charge which burns at the butt-end surfaces.

2. For regression burning, grains burning from without should be
selected, or the engine should be designed for two thrust stages.

3. Progressive combustion 1s achleved by grain shapes providing
for combustion within the channel.

4, For pronounced reduction of operating time ln all three cases,
multigrain charges should be employed. In this case, 1t may be assumed
that in first approximation burning time is reduced in direct pro-
portion to the lncrease 1n the number of grains in the charge.

Let us examine in greater detail the problem involved in the
selection of a charge for engines with medium burning time. With an
engine operating time of 20-30 seconds and higher, the basic problem
encountered in the achievement of a functloning design is the matter
of preventing the overheating of the 1ift components and the combus-
tion-chamber units, and primarily of the engine walls. From this stand-
point, the charge version in which burning takes place along the sur-
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face of the inner channel 1s optimum,
since when densly packed into the
combustion chamber this charge re-

liably insulates the walls of the

chamber with a layer of powder mass

Ny which, because of 1ts low thermal
1 . '

conductivity, 1s almost an 1deal in-
Fig. 5.37. Diagram of charge

with sllt grooves, providing sulating material. The progressive-
for approximate neutrality of
the curve p = p(t) with com- burning curve (p = p(t)) for a grain
bustion along the surface of
the inside channel. 1) Combus- with a simple channel (cylindrical),
tion curve for simple single-
channel grain; 2) combustion not always desirable for an engine,
curve for compensating surface,

may-be ellminated or, at least, sub-
stantlally reduced by the introduction of auxiliary regressive burh-
ing surfaces in the graln or through the utillization of so-called
compensating grains.

PFligure 5.37 shows a grain in which burning takes place along the
surface of the channel, and this grain has been processed in such a
fashlon as to keep the burning surface approximately constant, 1.e.,
the combustion characteristics of the graln may be regarded as vir-
tually neutral.

The flinal touches on the shape of the grain involve the intro-
ductlion of grooves, A mm wide, into the thickness of the grain at 1its
end surface. Combustion takes place not only along the surface of
the graln channel but along the surface of the grooves as well. As a
result, at the 1lnitial instant the total burning surface can be
markedly lncreased. As combustion progresses, the surface of the
grooves diminishes as a result of the increase in the dimension 4,
since

Sa=(D—d) } n.
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The regressive nature of the combustlon surfaces of the grooves
and the progressive nature of the basic combustion surfaces make it
possible, for a glven selectlon of the geometrical elements of the
grain, to attaln approximate neutrality of the charge-combustion
characteristic.

While in order to satlisfy the tactical-technlcal requlrements
with respect to thrust parameters, the combustion surface must be
equal to S cm2, the relatlonship between the geometrical elements of
the powder graln of this type are determined 1n first approximation

from the followling conditions:

Seon = IDI,' ‘

S.“ x> ‘Rdl,.l.. n (D_ d) l" } SIII =sgo| -S.

(E is the number of grooves in the charge), whence

h=—5 "

: s | (5.35)

h~s-ugi£“ ,

. n(D—4&) aD" V.
where ll is the length or the groove; D is the outside diameter of
and S

the grain; d 1s the inside diameter of the grain; S are,

nach kon
respectively, the lnitial and final combustion surfaces, or if the

grooves are made symmetrical with the two ends of the grain:

b (5.35')

Compensating surfaces can be made not only in the form of grooves
at the ends of the grain. Of the other verslons of such surfaces we
can cite, for example, the inverse inside cone and certain similar
versions (Fig. 5.38).

In conclusion, let us dwell in some detall on the problem of
selecting the charge for rocket engines with step characteristics of
combustion, to whose development particularly great attentlon has been
devoted in recent times. If we do not consider the possible versions
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of an englne with dual thrust, in

which the programming of thrust is

R R P NSRS
0‘0’0‘0’0’0’0:0:0.‘ <

a determlined by the structural features

of the engine (a design with suc-

cessively positioned chambers forming

TR T TR
O o"o.\;
IO I AN 09,900 %% %% 0y

J . a single structural whole, and certain
Flg. 5.38. Examples of charges

burning along the surface of similar features), the step combustion
the 1lnside channel with re-
duced progressive-burning characterlistic can be attained:

curve p = p(t). 1,, 1, 4, D,

28, and d') characteristic
graln dlmensions.

1) for a limited combustion time
— by using conventional single-
channel cylindrical grains with intermediate restriction coating
(Fig. 5.39). In this case, the grain may be made of a powder of one
and the same brand or of two varlous powders. In the latter case, the
production techniques for the charge are substantially more complex
and it becomes quite difficult to obtaln a rellably functioning
charge;
2) for medium combustion time
— by producing a composlte grain using two powder preparations;
a fast burning preparation — for launch, and a slow burning prepara-
tion for the crulsing phases of th2 flight (Fig. 5.40);
— by using two varlous powder preparatlions in accordance with
the rate of combustion for the required program;
3) for long operating times
— by using two various powder preparations for butt-end combus-
tion. As an example we can clte the charge employed by the US Navy
drone XKDT-1 "Til' - [sic]", shown in Fig. 5.41. The charge 1is made
entirely of a powder mixture having the following composition (in %):
ammonium nitrate .......cec00000000000000000 80
synthetic rubber ....ccocvveeeescrocecssnses 1O
admixtures (combustion catalysts, carbon
black, a plasticizer, vulcanization addi-

tives 9 0 0 5 0008000040V B LSO EPEOLEEL NSO lo
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Flg. 5.39. Example of charge providing for dual
thrust for small period of engine operatilon.
est) grain cupola burning durlng first stage of

englne operation; em) graln cupola burning dur-

ing the crulsing regime of englne operation; 1)
restrictlon coating.

L
8
]

A greater combustlon rate for the starting portion of the charge
can be obtalned by changling the composltion of the catalytic admix-
tures somewhat as well as by changlng the productlon techniques in-

volved in the fabrication of the propellant mixture.

PORCRR R
KOO XA XX

Fig. 5.40. Examples of charges which pro-
duce double thrust for medium perilods of

engine operation. '
Glven filxed charge geometry, the characteristics of englne oper-
ation can be changed only through the utilizatlion of various propel-
lant mixtures (for example, fast or slow burning powders, etc.) or by
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Flg. 5.41. Diagram of charge used in guid-
ed USA Naval Drone XKDT-1 "Til'-[sic]l."

1) Cruising stage Starting stage
of charge of charge
Operating time 500 sec o ~5 sec 2
Pressure 35 kg/cm 100 kg/cm
Thrust 20 kg ~65 kg

altering the operating pressure.

§6. THE PROBLEM OF INJECTING THE OPTIMUM VERSION OF A SINGLE-CHAN-
NEL CYLINDRICAL GRAIN CHARGE INTO THE COMBUSTION CHAMBER

Almost all field-artillery mlsslles are béipg designed with a
multigrain solid-propellant charge. Thls can be explained primarily
by the fact that with an increase in the active flight phase (i.e.,
with an increase in the burning time of the charge) the firing ac-
curacy of fleld rockets, as a rule, is reduced, so that for these
misslles 1t is deslrable to have a charge which exhibits a minlimum
of englne operating time. The lncrease 1in start overload 1n thls case
does not impose any particular restrictions on the magnitude of 7 sec.,
since even the maximum realistically posslble launch overloads, as a
rule, do not produce any dangerous stresses 1n the elements of the
missile structure.

In deslgning a multigraln charge, 1t 1s necessary first of all to
select the number of grains wlith which the basic requirements of the
tactlical-technlical requirements wlth respect to a rocket engine will
be satisfled in the case of rather high ballistic and structural char-

acteristics (density of charge, qup ratio, the length of the combus-
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tion chamber, etc.). The problem here is to place a definite quantity
of powder (w kg) - in the form of a charge - into the combustion
chamber, and thils quantity must guarantee the normal burning of the
powder in the case of a maximum-denslity grain. The quantity o kg is
generally determined durling the prelimlnary selectlion of structural
and welght parameters for the mlssile. The dlmension dvn mm - the in-
8lde dlameter of the combustion chamber - characterizes the volume
(space) in which the charge can be held, and this can be found during
the strength calculatlions for the chamber.

The problem of injectling into the combugtion chamber the optimum
verslon of a multligraln charge made of single-channel cylindrical
grains can be solved in various ways - through simple emplrical selec-
tion of varlous numbers of gralns to the utllization of cumbersome
analytical calculatlons. In flrst approximation, the solution of this
problem, with a sufficlent degree of accuracy (and at the same time,
wlth comparative simplicity of calculation), can be obtalned by em-
ploying the graphlcal-analytical method, and the procedure 1is des-
bribed below.

Let us have a charge consisting of n single-channel cylindrical
grains whose butt-end surfaces are small in comparlislion with thelr
slde surfaces Sbok (for purposes of generality, we can, for example,
assume that the butt-ends of the grains have been coated). For such a
charge

S=Seex= (D+d) In (5.36)
or taking 1into consideration
d =D - le,
where e i1s the combustlon cupola,
Seon=2x (D—2e) In. (5.36')
From thls equation
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D, d, 1 are, respectively, the outside and inside diameters,ﬂand the
length of the powder grain.

The obtained relationship establishes a link between the grain
of a multigrain charge and some parameters (e, n) which determine the
charge characterlistics from the standpoint of the posed problem. However
there is lilttle practical use for this relationship, $ince it contains
the quantity Sbok which, generally speaking, has not yet been deter-
mined and is in no manner assoclated with the parameters of eithgr
charge or engine. Let us express Sbok in terms of these parameters.

It 1s clear that

0-0..,1=-%— (D*—d?) Iny,

where Voar 1s the volume of the solid-propellant charge.
Separating the difference between the squared dlameters into the
cofactors and grouping the expression in the right-hand part of the

equatlion 1n a certaln manner, we will obtain

o=x(D+d)in 2Tt ym Sty
whence
o
and
D=2+ (5.37)

Now it 1s possible to break down the over-all charge (w,kg) into
n grains having definite dimensions (D, d, 1) so that the burning time

corresponds to the required (e). However, we do not know whether such
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a charge can be placed into the combustion chamber of the engilne, and
if it can be placed, we do not know whether the charge will burn sta-
bly there, l.e., the selection of a possible charge version 1is purely
formal.

In a like manner, we Wlll rearrange the equality

Oo=Sen &1

to the form

where F_ = (wdavn/u) is the area of the lateral cross sectlon of the
combustion chamber; Fsv 1s the free cross sectlon of the chamber when
n grains of powder are placed 1lnto 1t.

We know that the parameter
Sew_

Fea
characterizes the stablllity of powder burning in the engine; we will

denote thls parameter by x and rewrite the latter relationship, taking

into conslderation thils denotatlion, and regrouping the remaining terms

w=inlerF,,
Fou
Fes _ Fu—From 1 Fropu

Fou Fou - - Fo

where Ftorts is the area of the butt-end sectlon of the charge.

We will assume that in first approximation the length of the com-
bustion chamber 1s equal to the length of the grains contalned within
the chamber; then




l.e.,

omvex(l ———\2

tex( ) =

whence the quantity o willl be determined in the following form:
o

"1F;;;;7- (5.38)

Substituting this o into (5.37), we will obtain

(5.39")

¢
o (5.40)

Dividing both parts of Eq. (5.39') by dvn’ we ean'easlly obtailn

[ ]
D 1 {1 1
ettt —me (5.39")
L
{ d

which in dimensionless terms 1s wrltten as follows:

1 =« 1 1 ]
kS STl (5.39)

Now the given welght of the powder w, kg, can be divided into n
such grains which are contalned 1n the chamber of the englne being
designed, and will burn there in a stable manner.

Naturally, the graln version which can be .placed in the combust-
tion chamber in dense packing will be the optimum version, l.e., the
version for which dvn wlll be the dlameter of the described circumfer-
ence. Graphlcally, this version 1s most simply defined as the point of

intersection between the curve for Eq. (5.39) and the so-called curve
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of dense-packing (Fig. 5.42). The dense-packing curve 1s constructed

along the points of Table 5.3 which contains the dimensionless dia-

meters of the varlous circumferences inserted around the glven dia-

meter d.

TABLE 5.3

Dimensionless dlameters of inserted clrcumferences
n 3 n 3 n | n [ ] n 3 n ]
1] 7( 0,333 13| 0,230 {19| 0,200 {25/ 0,175 {31 0,160
21 05 8] 0,204 f14] 0,22 0,19 126 0,168 132| 0,156
310464 19 0,269 115 0,220 21| 0,189 [27] 0,165 [33| 0,156
4 0414 f10( 0,255 §16| 0,213 J22] 0,184 (28 0,165 [34| 0,150
§1 0370 In| 0,247 117] 0,206 §23| 0,176 }29| 0,160 [35{ 0,15
6 0333 12| 0,244 J18] 0,200 (24| 0,172 [30] 0,160 [36] 0,13

The curve of Eq. (5.39) in coordinates &, 1/n is a straight line

e

o[ s 0

7054 3

T

n

Fig. 5.42. Curve of dense
packing for dimensionless

graln diameters

which passes through point M (O, 2§¢)
at an angle @ to the axis of absclssas
(Fig. 5.43) the tangent of which is

tan@--l——.—- 1

8 14e €
This stralght line may be directed
wlth respect to the dense-packing curve

in various ways. Here, 1f there 1s a

single intersect point (Fig. 5.43) there
1s only one solutlion. However, 1if the
curves Intersect several times, there l1s

corresponding number of charge versions,

each of which satisfiles the optimum conditions. It is impossible to

encounter a case in which the curves wlll not have any common points.

In this case, 1f there are a palr of coordinates for which both curves

come rather close, the solution is sought in the vieinity of this par-
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Fig. 5.43. For the selec-
tlon of the optimum ver-
slon of a multigrain
charge made of single-
channel cylindrlcal grains
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Fig. 5.44, Selection

of optimum charge ver-

silon in the absence of

a point of intersection
between the curves (the
first case)

ticular pair (Fig. 5.44) and a reverse
calculation if performed, the initlal
parameters for charge and engline belng
refined here. If there 1ls no such palr
of coordinates, 1t becomes necessary to
vary the initlal quantitles e, «, 1,
ete., attalnlng the required change in
the orientatlon of the line

1 & 1 1
6-2E+T i+e € -
In this case, the stralght line can
either be placed along the 6 axls, so

that

= d e 11
, 8_2E'+8 14¢ § '

where £, = el/dvn’ and e, 1s the new magni-
tude of the combustlon cupola, or the

straight 1line can be turned about M (Fig.
5.45):

R e
In both cases, the position of the
stralght llne 18 sought so as to produce at
least a single common, or, at least, suffi-

clently close point.

For an analysis of the methods used

to achleve the practlcal change 1n the orlentation of the straight

line, let us examine the coefficlents of Eq. (5.39):

1) a==§‘-.
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This coefficlent can be increased (at dVn = const) only by increas-
- ing the thickness of a grain cupola €. In this case, in order to main-
. taln the given combustion time constant, it is necessary;

elther to lncrease the pressure Py in the engine, in order to

achleve the required degree of increase of powder-burning rate.

u(p)  u(p)’ 5.

or to employ a different powder, exhlbiting the required burning rate

at the former pressure

4 [J]

a@)  m@)

Thus the placement of the stralght line along the § axis 1s as-
soclated wlth the need to raisé the operating pressure in the engine
or to switch to a new, slower burning, propellant composition.

(2]

1 e 1 1 ¢ 1
) (v T4e ¢ )‘TH:_Z'
N

The magnltude of the coefficlent is a function of e, k, and 1;
Since with a fixed w, the values of e and 1 are mutually related,
only two parameters can be arbitrarily changed; for example, « and e.
We can see from the formula that this coefficient increases with an
increase in x, in the limiting case tending to the magnltude deter-
mined by the following relationship:

(el Ly L L1 (5.41)

12 in which case

and increases with a drop in e
- X
T 1 1 .
PN T T T =T.T2?(_£)'T.Z" (5.411)
. o




o, e

In actual practilice, the coefficlent 1s limited by even lower
values, slnce in the case of « belng greater than some Kpr’ phenomena
are observed in the englne which are characteristic of unstable pow-
der-burning; because of the limits in the maximum burning rate for
existing powder compositions, the quantity e cannot be lower than the
following:

:e.,;.-[u(p)]...,t.
With a drop in « and an Increase in g, the coeffleclent tends to

1ts minimum value, equal in both cases to zero:

. PN
ST SN I Y (5.42)
sw\8 1+e & 8 ea), & e '
dou ‘/'
SIS B S NP S N W A2
ool e) 8 l.'.'.'f.'< ,g_)"o‘ (5 )
T T

Thus the turning of the straight line about point M (Fig. 5.45)
can be achleved by a change in the parameter x of the englne or by
selecting a new calculation thickness for the cupola of the grain. In
this case, an increase in « and a decrease in e (the use of slow-
burning powders and low operating pressures in the engine) will cause
the straight line to turn 1n a counterclockwlse dlrectlon.

Since ¢ 1s included in both coefficients of the stralght-line
equation, if the straight line 1s placed along the 6 axls, the stralght
line 1s additionally turned about M and wlth a single turn there 1is a
slight shift of point M on the 6 axis. ’

In concluslon, we would point out that the ordinates of the points
of intersectlion, corresponding to Eq. (5.39), with the dense-packing
curve, divide the plane into parts in which the curve elther lies
above the stralght llne or, conversely, the stralght line lies above
the curve. In the first region, for any number n grains corresponding
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to the dimensionless dlameter 6 can

pl

be packed densely 1into a diameter dvn’

and to place a charge w, kg, into the

combustlion chamber, grains having a dla-

_‘ - meter 6<6p1 are requlired. Thus the charge
/
1; 2, can e placed in dvn’ but the packling will
v 2D - not be dense (Fig. 5.46). In areas where
‘ i 6>6,, the charge cannot be placed into
— G P
:fkﬁfv/ Y1 the combustion chamber, since the grain
(K
? % diameter must be greater than the magni-
Fig. 5.45. Selection of tude which corresponds to the maximum in-
optimum charge version
in the absence of polnts sertilon of n circumferences in dvn’
of 1ntersection between -
the curves (second case) Let us assume that 1t has been possi-

ble to achleve an intersection of the curves which would determine the
sought version of an optimum multigrain charge. Before finally decid-
ing on this charge version, it 1s necessary, as a rule, to verify the
k for the graln channel of this charge, since a certaln x, average
over the entire englne, has been introduced into the calculation. For

thls verificatlon, we can use the foldbowing relationship:

(Seoulues __=tl _ o
e 7w =‘§:_'=T' (5.43)
‘ .

where d = D — 4e; « is the parameter of k of the grain channel;

kan

(Sbok)kan is the burning surface of the channel; (F is the free

sv)kén

cross section of the channel, in which case it 1s assumed
" Xasa= (343) Xapr

where Knar 18 the corresponding ratio of areas for the outer free cavi-

ty of the englne:
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Fig. 5.46. Determination
of range of values n and
6, corresponding to ver-
sions of nondense grain-
packing into the combus-
tion chamber. épl) dimen-

sionless dlameter of
graln provlding for dense
packing of charge in com-
bustion chamber; ébal)

dimensionless graln dia-
meter provliding form
satisfaction of require-
ments wilth respect to
parameters of interlor
ballistics; 1) region of
nondense packing

is presented in Fig. 5.47.

device (pyrosparkplug) of
speclal assembly referred

wedghed portion of easily

element has been 1nserted.

Yaap™

(Sa.).., =Din 4Din bl
o -G (5.44)
n --—(D’ dt)n

§7. DESIGN OF IGNITION UNIT FOR BASIC
PROPELLANT CHARGE

The basic charge of a rocket engine
1s 1gnited as a result of the combustlon,
in the combustion chamber, of an auxili-
ary charge consisting generally of black
powder having definite grain dimenslons.
The black powders, in a speclal casing
or cloth (calico) sack, are kept in the
forward part of the combustlion chamber,
near the forward connectlon plate. For
the transmission of the command pulse to
igniter, the flring installations are
equipped with special electrical filre con-

trol systems, a typlcal dlagram of which

The electrical system closes on a contact

the missile. The pyrosparkplug contains a
to as the pyrocartridge which consists of a
ignited powder mass into which a heating
(Fig. 5.48).

With the command "fire" a current appears in the circutt,-arnd

this current 1s transmitted through the combined contacts of the fir-

ing installation and missile to the pyrosparkplug. The heating element

is actuated and the powder mass in the pyrocartridge burns up, produc-

ing a force from the flame which 1s transmitted to the igniter. As a

result, the ignlter recéives the required command pulse. The products
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Fig. 5.47. Diagram of electrical sys-e-
tem for firing of BM-13 weapon. 1)
Combined contacts of missile and in-
stallation; 2& firing panels; 3) pew-
er supplies; 4) grounding of installa-
tion frame

of the combustion taking place 1n the igniter fill the combustion
chamber, thus producing the 1lnitial increase in combustion-chamber
pressure, and these products then stream out to the nozzle. The stream
of products of combustion, flushing the powder
gralns of the baslc charge, cause them to ig-
nite.

s 2 The baslc requlirement imposed on an igni-

ter 1s the necesslity to provide for conditions
Fig. 5.48. Pyrocar-

tridge (sparkplug) within the combustion chamber, which will guer-
of M-13 rocket mis-
slle antee rellable ignltion and entry into a regilme

of stable burning on the part of the basic charge of the englne, and
primarily to lncrease the pressure 1n the combustion chamber to a r
point somewhat 1n excess of the pressure requlred for rated englne
operation. Since the magnitude of the speciflc gas formation of the
substance 1n the igniter 1s a physical constant, the pressure produced
in the engine as the result of the burning up of the igniter can be

entirely determined by the mass of consumed substance and the struc-

. tural features of both charge and englne. In first approximation we

- 277 -



assume that the use of black powder as the 1igniter 1s necessary for
rellable ignition of the baslc charge, so that each liter of free com-
bustion-chamber volume requlres 1.5-2 g of the 1lgnhiter, l.e.,

q, = (1.5-2.0)vy, &,
where q 1s the welghed portion of the lgnitlon composition. In thils

case, the free volume can be
'wd?
'vc,zl,ls(—f—ns,m)l.

where 1.15 1s employed to take into conslderation the presence,.’'in‘the
engine, of the space behind the dlaphragm as well as the free space

at the forward connection plate; 1sh 1s the length of the grain charge;
Storts 1s the area of the butt-ends.

Thus to calculate the required welghed portion in the ignlter, in

first approximation, we can use the following formvla:

4,=(1.55+2.2)('i‘:2—us~,.)1_. (5.45)

Under actual conditlons, the ignition process 1s a function not
only of the magnitude of the 1initial free volume, but ¢l the structural
features~6f the charge and the engine. It 1s lmposslble to derlve the
theoretlical formula for the determination of the required s in terms
of charge and parameters; therefore, the final welghed portion of ig-
niter 1s sclected on the basis of results obtalned in experimental ig-
nitions.

For the selection of the igniter for multigraln charges consils-
ting of single-channel cylindrical grains, we can recommend the emplir-
ical relatlonship, obtalned 1in the following form:

q, = Bglan®lo, [en®] g;
However, this formula makes no pretense at belng universal, i.e., it
does not cover all of the varlous engines employing multigrain charges.
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Chapter 6

ELEMENTS OF THE EXTERIOR BALLISTICSOF AN UNGUIDED
SOLID~PROPELLANT ROCKET MISSILE

§1. Flight Trajectory of Ungulded Rocket Missile
Definitlons. Coordinate Systems

Exterlor ballistics study the laws governing the motion of mis-
8lles and rockets through the alr as well as the methods of control-
ling these laws. The appllcatlion of the fundamentals of exterior-bal-
listic theory to practice makes 1t possible to design a rocket missile

which can satlsfy the tactlcal-~technical requlrements in terms of fir-

Fig. 6.1. Flight trajectory of un-

guided rocket 1n ground system of

coordinates A) end of actlve phase;

1) position of target
Ing range and accuracy.

In the general case, the flight trajectory of a rocket missile is

a spatlal curve having 1ts origln at the point of missile launch. It
is the practice to determine this curve in a so-called system of

ground coordinates (Fig. 6.1).

- 280 -



The polnt that colncldes with the point of rocket launch 1s gen-
erally taken as the origin of a ground system. The coordlnate axes are
posltlioned so that one of the axes, generally denoted Oy, 1s vertical.
while the two remalning axes are arbltrarily oriented in the horizon-
tal plane. If the target vector 3& is drawn through the ground coor-
dinate system, the plane defined by the Oy axlis and the vector oM is
referred to as the firing plane. The firing plane 1s a characteristic
of the ground coordinate system.

The flight trajectory of a rocket 1s
completely determined i1f the mutual inter-
relationshlp of the ground coordinates
f(x, ¥y, z) = 0 1s known; in this case,
the nature of rocket motion along the tra-

Jectory will be a functlon of the law gov-

erning the time-varlance of the rocket-
Fig. 6.2. Axes of a con-
nected coordinate system posltion coordilnates on the trajectory:

x=x(1),

y=y(t),
2==2(t).

The motlon of a rocket along its trajJectory represents only a
transient phase of 1ts total motion. The second part of thls motlion 1s
the relative rotation of the rocket about a point of the rocket which
lies on the trajectory line (the center of rocket gravity). This mo-
tion is generally referred to as relatlive and regarded as pertaining,
in thls case, to a flying rocket, with the introduction of an addition-
al movable coordinate system assoclated with the shifting body. This
is refaerred to as a connected coordinate system. The origin of the
connected coordinate system colncldes with the center of rocket grav-

ity; the axes of the system are so chosen as to cause the Ox' axis
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to boincide with the longitudinal axls of the rocket, and the Oy' axls
is chosen so as to maintain the vertical position (in the absence of
roll) of the coordinate plane x'Oy'. With this cholce of axes for the
connected coordinate system of a rocket situated, without roll, in the
firing plane, the plane x'Oy' coincldes with the firing plane. The axes
of the connected coordlnates are oriented with respect to the rocket,
and this is presented in Fig. 6.2.

Through the introduction of the connected system of coordinates,
the relative rotation of a rocket can be studied as a change in the
relative posiltion of the axes of both the ground and connected coordin-
ate systems. In thls case, the following coordinate angles are intro-
duced: the angle of piltch 6, the angle of yaw ¥, and the angle of roll
P.

The pitch angle is the angle between the 0Ox' axls of the connected
coordinate system and the plane x0z of the ground system. For the sake
of clarity, the angle of pitch can be presented as the angle between
the axls of the rocket and the horlzontal plane. The angle of yaw 1s
the angle between the axls of the rocket and the flring plane. This
angle indicates the extent to which the rocket deviates from 1ts pos-
ition in the firing plane. And, finally, the angle of roll 1is the angle
between the x'0y' plane of the connected coordinate system and the fir-
ing plane. This angle characterizes the turning of the rocket about
its longltudinal axis.

The angles 6, ¥, and ¢ are presented in Fig. 6.3. For simplicity,
the dlagrams show speclal cases which are best demonstrated graphical-
ly.

Thus to determine the poslition of a rocket in space at an arbi-
trary instant of time t, we must know the law governing the shift of

the center of gravlty for a rocket along the trajectory relative to
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Fig. 6.3. Determination of angles of 6, ¥,
and ¢ of the rocket. 6) angle of pitch for
rocket situated in firing plane; V¥) angle

of yaw for a rocket flylng at an angle

6 = 0; ¢) angle of roll for a rocket fly-

ing with 6 =0, =0

the ground system of coordinates:

X x(f),
y==y(0.l

() (6.1)

and the nature of the relative rotatlion of the rocket about the center
of gravity, i.e., the position of the axes of the connected coordlnate
system relative to the coordinate planes of the ground system.

— (6.1")

0==0(¢),
pm=e () l
Missile flight trajectorles can, with a great degree of accuracy,
be regarded as plane curves situated entirely in the firing plane, with
the exceptlion perhaps of indlvidual phases in which the rocket shifts
from its posltion in the firing plane as a result of external and in-
ternal disturbing forces. The trajectories of short-range rockets -
fleld artillery rocket missilles - are partlcularly close to plane curves
If the flight trajectory is regarded as a plane curve, 1t 1s ex-
pedlent to orlent the ground coordinate system so that the xOy plane
coincldes with the firing plane. In thls case, the trajectory can be

examined in the x0y plane and the position of the rocket on the tra-
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Jectory oan'be determined by means of the following coordinates:

X =X (t),
ly‘_—'y (‘)o
0=0(¢), (6.2)
’=*(‘)o
=9 (f).

In additlion to the ground and connected system of coordlnates,
we must use yet another coordlnate system in the study of rocket mo-

tlon; .this new system takes into eonsideration the directlon of the

Fig. 6.4. The axes of a flow-system
of coordinates

motion of the approachlng stream of alr with respect to the rocket.
This coordimte system 18 referred to as a flow coordlnate system.

The axes of the flow coordinate system are selected so that the Ox1

axls of the system colnclides with the vector representing the absolute
velocity of rocket motion (i.e., so that it coincides with the direc-
tion of the veloclty of the approachlng alr stream and so that it is
directed against this stream); the Oy1 axls 1s selected so that in the
case of ¥ = O the xloy1 plane colncldes with the filring plane; the
third axis, the Oz1 axls, 1s chosen to be perpendlcular to the first
two axes. The flow system of coordinates 1is examlned in greater detall
below. The axes of the flow system of coordinates are presented 1n

Fig. 6.4.
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Elements of the Trajectory in the Case of Ungulded Flight

The baslc external feature of a rocket flight trajectory is the
presence on the trajectory of two successlve phases - an actlve and
a passive phase.

The active phase of the trajectory is the one over which the
rocket flies with an operatlng englne. It 1is during this phase that
the rocket 1s accelerated to the so-called veloclty at the end of the
active fllght phase, and it 1s thls veloclty that 1ls generally the
maximum veloclty for the entire trajectory.

In the passive phase of the trajectory (the free-flight phase)
the engine 1s no longer in operation and the flight continues as a
result of inertla due to the reserve of klnetlic energy acquired by
the rocket during the actlve phase of the flight. On the ascending
branch of the passilve trajectory phase the veloclty of mlssile motion
gradually diminishes to some minimum value which corresponds to the
instant at which the misslle attalns the peak of the trajectory, and
the veloclty of milsslile motion then increases on the descending branch.

The firing of a solld-propellant rocket mlsslile 1ls generally
carried out by means of a speclal launching installatlon that has a
gulde-rall device of a glven deslign. The motlon of the misslle along
the gulde-ralls, to the instant at which 1t leaves the rails, 1s some-
times 1solated 1n an Ilndependent, so-called inltlal, trajectory phase.
To attaln the required flight range, the launching installation must
be set up at a certain angle to the horlizon. Thls angle 1s referred to
as the firing angle.

A typlcal flight trajectory for an unguided rocket missile 1is
presented (for the case of motlon in the xOy plane which coincides
with the firing plane) in Fig. 6.5. It should be borne in mind that 1if

we refer to the 6& vector as the target vector, drawn from the point
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Fig. 6.5

Fig. 6.5. Dlagram of flight trajectory for
ungulded rocket missile. OA) active phase of
trajectory; AM) passive phase of trajectory;
AN) ascending branch of passive phase; NM)
descending branch of passlve:pHase; Xmax

flaximum flight range; Hmax) maximum height
of trajectory; §max) missile velocity at
end of active phase of trajectory; co)

angle of firing installation (firing angle);

Gmin) minimum rocket-missile velocities;

1) Firing point; 2) position of target.

of mlssile launch to the point which corresponds to the position of
the target against which the firing is being carried out, then 1n the
general case thls vector might not coinclde wlith the direction of the
0x axls (even in the case of a plane trajectory).

Fig. 6.6 shows how total missile velocity changes with
ttsimotlon along the trajectory. The curve presents a qualltative
1llustration of the nature of veloeity change.

The relative extent of the active trajectory phase, in comparison
wlth the remaining portlion of the trajectory, 1s not too great. For
example, in the case of solid-propellant rockets having a range of
several tens of kilometers, it may amount to several hundreds of me- .
ters, l.e., 1t has a relative extent of the order 10%. Therefore, in
tentative ballistiec calculations, the active phase of the trajectory
need not be taken 1nto conslderation, and assuming that the missile
requlres its v

ma.
a simplified trajectory diagram. (Fig. 6.7).
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As an example of solid-propellant rocket missiles whose ungulded
flight trajectorles can be schematically presented by the curves shown
" in Figs. 6.5 or 6.7, we can cite the well-known rockets of the USA
Army: "Corporal" (exhibiting a range of 80 km); "Honest John" (exhibit-
 Dacen | ing a range of the order of 35 km);
e B "Lacrosse" (exhibiting a range of

} : the order of 30 km); "Sergeant"

(exhiblting a range of the order of
X KM

Akmubenti 80 km), and many others.
) ywmk_i > Boczodnwan Serfy = Huczodnwan derbs
mpaekmopuy Naccutnuid yvacmok mpaekmopuy 4 Solid-propellant misslles can

Umin

Fig. 6.6. Nature of change in be made as guided rockets as well.

veloclty durlng motion of rock-

et along trajectory 1) active

phase of trajectory; 2) ascend-

ing branch; 3) descending branch
) passive phase of trajectory

As an example of such a rocket, we
can clte the followlng missiles:
"Falcon" (USA an "air-to-air" sys-
tem); the "Sidewinder" (USA, an "air-to-alr" system); the "Dart"
(UsA, antitank); the "Cobra" (Switzerland, antitank): the "Firestreak"
(Great Britain, an "air-to-alr" system); "SS-11" (France, antitank).

_ [paguk waenewun ckogocmy

- ana ynpoutennod cxems mpaekmopu
1°. . . yafcex

Fig. 6.7. Simplified diagram of a flight
trajectory for ungulded rocket missile
1) curve showing change in velocity for
simplified trajectory dlagram

{ The nature and form of the flight trajectorles for these mlssiles
are functions of many factors and primarily of the mutual position be-
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tween the target and the launching site of the rocket at the instant
of firing, as well as of the presence and nature of the defensive
manuvers carried out by the target; 1in addltion, they are functions
of the tactlcal-technical data pertaining to the equipment and the
entire guldance system or homing system employed by the missile, etc.
The present work does not consider those problems assoclated with the
theory of guided flight.*

§2. FORCES AND MOMENTS ACTING ON MISSILE DURING FLIGHT

Dlagram of Forces and Moments

Any shift of a body 1n space
1s the result of the action of ex-

ternal forces and moments on that

body.
Examining the flight of a rock-

et misslle, we can see easlly that

Fig. 6.8. Total dlagram of for-
ces acting on solld-propellant
mlissile in flight

the nature of rocket motlon in space
1s determired by the action of three
forces on that body: Rt 1s the force of rocket-engine thrust; Raerd
is the total force produced by the lnteractlon of the rocket and the
approaching ailr stream which decelerates the rocket motlion and deflects
the flight of the rocket from an ldeal curve; mg 18 the mass gravita-
tional force (welght of the rocket). A diagram of these forces can be
seen in Fig. 6.8. In the case of a guided rocket, to the forces shown
in Fig. 6.8, we must add the guldance forces applied to the control
elements of rocket flight.

In the dlscussion of the problems relating to the interior ballis-
tics of a solld-propellant rocket engine it was stated that the thrust

of the engine 1s produced as a result of the action of the products of

combustion of the solid-propellant working charge being dircharged
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through the nozzle of the engine. The direction of thrust coincides
with the axls of the nozzle, 1.e., with coaxlal positioning of the
engline in the missile, the direction of thrust coincides with the
longitudinal axis of the missile. In calculating the thrust, we should
employ Relationship (4.52) or the simplified Relatlonship (4.53).

The mass gravitational force (the weight of the rocket), as 1s
generally the case, ls the resultant of the gravitatlonal forces act-
ing on individual component parts of the solid-propellant misslle. The
point at whlch these forces are applied 1ls referred to as the center
of gravlity. In terms of directlion, the gravitational force colncides
wlth the dlrection of the vertical at the corresponding point on the
tra jectory.

In the case of missile flight through the alr, the approaching
stream acts on the airframe of the rocket. The result of this action
can be shown 1n the form of a rocket-surface distributlon of excess

normal pressure and the tangential forces, with the resultant of the

Fig. 6.9. Components of the resultant of

aerodynamic force in the flow system of

coordinates.X) force of frontal reslstance

(drag); Y) 1lift
total system referred to as the total aerodynamlc resistance force.
The point at which the total aerodynamic force is applled 1s referred

to as the center of missile pressure. The position of the pressure
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center 1s a function of the aerodynamic-force component distribution
diagram. It is generally assumed that the center of pressure is sltu-
ated on the rocket's axls at the point beins calculated in each specl-
fic example. The vector of the total aerodynamic reslstance force,
in the general case, is arbitrarily orlented in space in a direction
opposite to the direction of mlssile motion. This vector 1s conven-
tionally assoclated with the flow system of coordinates and presented
in the form of three components that are orlented along the axls of
the system. The corresponding components are referred to as the force
of resistance, 11ft, and lateral forces (Fig. 6.9).

Since 1t was assumed that in the tentatlve calculations the tra-
Jectory could be regarded as a plane curve, naturally the force Z
can be neglected and the velocity vector v as colnclding with the

firing plane. In thls case, the true aerodynamic force R 1s re-

aerd
placed by the force R!' which is sufficlently close to 1t in magnitude,
and 1t becomes therefore possible to simpllfy substantlally the system
of aerodynamic forces, reducing 1t to the resistance and 1ift forces
lying above the plane that 1s coincident with the firing plane (Fig.
6.10). These components are generally examined in the investigation

of aerodynamic forces acting on the rocket in flight.

We can see from Fig. 6.8 that there are two points of application
of external forces on the rocket - the center of gravity and the center
of pressure. It i1s convenlent to refer the forces to some single
point, such as, for example, the center of gravity at which the origins
of both the flow and connected coordinate systems colncilde.

For this purpose, two mutually balancing forces are applled at
the reference point (in our case, the center of missile gravity);

these two mutually balancing forces are colncident in terms of magni-

tude and line of action with the force being referred. The equili-
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Fig. 6.10. Simplified dlagram of compon-
ents of total aerodynamic reslstance

force

brium of the body or the nature of its motlon, glven thils applicatilon

6f forces, ls not disturbed. Let us now examine all three forces, and

we wlll see easlly that they can be presented in the form of the sum

of the force applied to the reference polnt and the moment of the

couple of two forces about thls polnt. The magnltude and direction of

\4

Fig. 6.11. Dia~
gram referring
force to center
of missile gravi-
ty. Y+ and Y_

are the conven-
tional vectors
referring

Y to the center
of missile gravi-

ty

the force, upon 1ts reference, are kept constant;
the additlonal moment l1s determined by the magni-
tude of the force and the distance from the point
of initlal application of force to the reference
point. Figure 6.11 1s an example of the refer-
ence (reduction) of aerodynamic 1ift to the cen-
ter of missile gravlty for the particular case of
the position of the vector of this force.

Figure 6.12 shows the total calculation dia-

gram of forces and moments referred to the cen-

.ter of missile gravity. Thls diagram of forces

and moments for the simplified version of a

plane trajectory, coincident with the firing

plane, 1s presented in Fig. 6.13. A comparison

of Figs. 6.12 and @.13 shows that in the latter
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case the lateral component of the aerodynamlc force disappears,
while all the remaining forces are referred to a single plane.

With respect to the moments, the sltuatlon 1s the following; 1n the
general case, even ln a plane system of forces, 1t 1s expedient to
examlne all three moments Me, MW’ and M¢, in which case the deter-
mining moment of finnedmissiles 1s M@, whereas MW’ and M¢ reflect
only the posslbility of the rocket executing oscillatory motlons 1n
the corresponding planes about the center of missile gravity, with

limited possible angular displacements. In the case of turbojet mls-

slles, rotating durlng flight, Me and Mcp are determining.

Fig; 6.12. Calculation diagram of forces
and moments referred to the center of
misslle gravity
Since all three groups of forces acting on the rocket misslle
during flight were determined in varlous systems of coordlnates, 1t
13 necessary to link these systems wlth one another. For the case of
a plane trajectory, the indicated relatlonship 1s established 1f the
coordinates of the centers of the movable systems (the connected and
flow system) are assuﬁed wlth respect to the ground coordinate system
and the angles between positive directlons of the coordinate axes.
The angle between the longitudinal axls of the rocket, coincl-
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dent with the Ox' axis of the connected coordinate system and the Ox

axls of the ground system l1ls deflned as the angle 6 of rocket pltch.

Fig. 6.13. Calculation dlagram of refer-
red forces and moments for the case of
flight 1n the flring plane
In addiﬁion to thils angle, we generally examine the angle between

- the Ox' and Ox, axes of the connected and flow coordlnate systems, res-

1l
pectlvely. Thils angle 1s referred to as the angle of missile attack
which is denoted by a.
The third angle - between the Ox1 of the flow coordinate system
and the Ox axls of the ground system - 1s determined in terms of the
- first two as follows: ¥ = 8 — a. The angle ¥ characterizes the directio
of the tangent to the trajectory at the glven point of flight, since

- the vector V of total velocity 1s always tangentialto the trajlectory:

where X and ¥y are Instantaneous coordinates of the position of the
center of gravlity on the trajectory.

Now it 1s easy to separate those actlive forces from the entire
system, which cause the rocket to move forward, as well as those
forces which decelerate the motion of the rocket. For thils it is

a enough to projJect all of the forces onto the Ox1 axls which determlnes
the directlon of motlon.
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As a result of this projection 1t turns out that the only moving

force 1s the projectlon of the thrust of the rocket engilne.
Fyy==Rs co08 @,
whereas frontal resistance X and the rocket-welght component represent
forces offering resistance to this motion:
Feompe=X+mg sin(0—a).

The second component of the force of gravity 1s offset by 1lift Y.
For
Fo>Foup - -
l.e., when :

coss

R,>X+_ﬂ' oln(!—c)' -

the resultant of these two forces
AFn==Fh-F;”
is directed so as to colncide with the motlon of the rocket. Under
the actlion of Ade the rocket accelerates, acquiring ever increasing
velocity.
For the passive phase of the trajectory Rt = 0 18 the resultant

of the forces de and F and 1s directed against the motion of the

sopr
rocket thus causlng the rocket to be decelerated.
Strictly speakling, the following equations

Fn-Rt cosa F..-O.
Feonp==X+mg sin(8—a)

are valld only for the ascending branch of the trajectory.
In motion over the descendlng branch of the trajectory, accord-

ing to Fig. 6.14
Fys=mg sin(—0—a),
Povig~=X,
i.e., even in the absence of englne thrust there 1s a component di-
rected to coinclde with the dlrection of rocket motion. The pre-
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Fig. 6.14. Relatlonship of forces
on the descending branch of the
trajectory

sence of thils force explalns the nature of the change 1n missile vel-
ocity on the descending branch of the trajectory (Fig. 6.6).

As a result we find that the followlng baslc forces and moments
act on a rocket in flight: Rt’ the thrust of the rocket engine; mg,
the force of gravity, equal to the welght of the missile; X and Y,
the components of the aerodynamlc resistance; Me, the pltch moment;

M the roll moment; MW’ the yaw moment, and for the passive phase

¢’
of the trajectory Rt = 0.

Dlagrams of the actlve forces on the ascending and descending
branches of the trajectory are presented in Figs. 6.13 and 6.14. These
dlagrams can be used if it 1s assumed that the rocket moves along a
trajectory lying in the flring plane.

The Force of Gravity. Calculation of Welght and Position of Center
of Missile Eravitz

In the case misslle flight within the limits of the terrestrial
gravitational fleld, among other forces, the force of terrestrial
gravitatlion, referred to as the force of gravity, acts on the missile.

The force of gravity P is proportional to the mass of the body. The
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proportionality factor 1s referred to as the acceleration of the
force of gravity:
P =mg
g =9.81 m/sec2 (at the surface of the earth)

The center of the gravitational forces acting on each 1lndl-
vidual part of this body i1s called the center of gravity for a solld
(for example, a rocket missile).

The physlcal representatlon of the force of gravity 1s the welght
of the body. Therefore, the point of application of the resultants of
the system of vectors representing the welght of individual points in
the system 1s another way of descrilbing the center of gravity. Gilven
this definition for the center of gravity, the actlon of the force of
gravity on a system of material points or on a solid can be reduced
to the total welght of the system of points or the given solid under
consideration, sald force applled at the center of gravity of this
body.

As a result, in order to take into conslderation the actlonoof
the force of gravity on a solid-propellant rocket missile moving in
accordance with definlte lawson 1ts trajectory, 1t 1s necessary to
find the weight of the misslile and the point of application of this
welght - the center of misslle gravity.

The weight of a uniform solld l1s generally held to be proportion-
al to the volume occupied by this body:

 PmmgapgV=1V, (6.3)
where p 1s the density of the substance of the given body; ¥ is the
specific welght of the body; V 1s the volume of the body.

On the whole, a missile cannot be regarded as a continuous unis
form solid body; however, this assumption is completely valid for in-

dividual component parts of the missile. Consequently, in order to c-
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calculate the weight of a missile, 1t is necessary to sum the welghts
of all component parts employed in the flnal assembly, in which case
the weight of the individual component parts can be defined in terms
of thelr volume and the specific weight of the material employed.

In the assembly of a solid-propellant reaction-thrust frocket)
missile we encounter component parts for which 1t 1s not difficult
to calculate volume (for example, the cylindrical frame of the com-
bustion chamber), in addition to component parts of complex configur-
ation which Introduce difficultles into the required calculations. In
the latter case, 1t 1s accepted practlce to separate a complex compon-
ent part, through arbitrary sectloning, into a serles of simpler
shapes (cylinders, cones, etc.) and to calculate the volume of the
component part as the total volume of its individual parts.

For example, given the problem of calculating the welght of the
component parts shown in Fig. 6.15, it would seem at first glance
that 1t 1s quite difficult to calculate the volume of such component
parts; however, 1t 1s enough to divide the part arbitrarily into three
sections I-T, II-II, and III-III, in order to separate the component
part into five elements whose volumes can easlly be calculated.

As a rule, complex component parts employed in the assembly of a
solid-propellant rocket mlssile can be spllt into such elementary fig-
ures as a cylinder, a truncated cone, as well as certaln comblnations
of these figures (Fig. 6.16), 1.e., for the calculation of the volume
of any component part, it 1s enough to know the following formula:

0“‘ -—:' d’lg

where d 1s the dlameter of the cylinder base; 1 1s the length of the

cylinder generatrix,
vn-n-"%" (P+R’+")-
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where R and r are radil of the greater and smaller bases of the trun-

cated cone; h 1s the height of the truncated cone.

Rk

&
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. Fig. 6.15. For the calculation of
P : the weight of the "connection

¥ plate" component part; a) sketch
of component parts; b) calculation
diagram I-I, II-II, and III-III)
cross-sectional planes; D and

dl) diameters; &,) linear dimen-

sions of the figure.

In fact, the volume of the connection plate (for generality, we

§ - will assume it to be some k-th component part of the assembly) 1s de-
fined as the sum -
1 Vo= ’
G\ (6.4)
' - Va0, 4094030405

(1, 2, 3, 4, 5 are the numbers of the elementary figures),
? where

A s L

vy B~ 3+ +y);

'a'-";".'." ('-—'.-%):
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The dimensions D, dl, d2, ey O, 61, 62,... are shown 1ln the
drawing of the component part.
After the determlnation of the volume of k-th component part,

the weight Py of thls component part 1ls defined._as:
Pr=WVrY, (6.5)
Y = 7.8 g/cm2 for steel component parts; y » 16 g/cm3 for the arming

of the warhead (when armed with explosive materlal), as well as for

individual elements of the solid-propellant charge for the engine.

2r
2R -

W — -t

b || »

v._.ld'), - 'u,,_ :','-h(l!'onror‘)

mm%%

Ve Vnni™ Uyeagn ""am "nu- Vo Vpoun™ Vo ""’3’-'

Fig. 6.16. Characterisitc elementary
figures encountered in the calcula-
tion of the volume for varlous come-
ponents.

Knowing the weight of the individual component parts, we can find
the total welght of the misslle by determining the sum

[
P--z’., (6.6)
where Py 1s the welght of the fuse; Py is the welght of the auxiliary

detonator;
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P, 1s the welght of the hermetic-sealing end cap of the nozzle.

It has been demonstrated that it 1s important from the standpoint
of exteriorballistics to know not only the magnitude of the actlve
forces, but the point of their application as well. It is for this
reason that the next problem is one which involves the determination
of the coordinates of the center of mlssile gravlty.

We will refer to the product of the mass and 1ts distance from
the plane as the static moment of the mass m concentrated at point A
relative to some arbitrary plane N. With respect to the static moments
of some material system of points the following theorem 1s valid: 1if
the entire mass of the material system were concentrated at 1ts cen-
ter of gravity, the static moment of this mass with respect to some
plane is egqual to the sum of the statlc moments with respect to this
same plane for the mass of all polnts in the system.

If we apply thils theorem to the coordlnate planes, we wlll obtain
a system of equations which determine the coordinates of the system's

center of gravity.
. 8
Mmaxy, -; mx;,
-]

~my..;-glm.. . ' . (6.7)

myz, ., -g "l'l' |
P

whence ,§,"""

Ter™= =

am B, (6.8)
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)

where x are the coordinates of the system's

te.t? Yes.t? 309 Zgg ¢
center of gravity;
L]
"""}E”h
im]

1s the total mass of all the polnts in the system; Mys Xy5 Yy and zy
are, respectlvely, the mass and the coordlnates of each material polnt
in the system.

In calculatling the coordinates of the center of gravity, 1t 1s
useful to employ the followlng propertles of the center of gravity:

1) if the system has a center of symmetry, the center of gravity
coincides wlth the center of symmetry;

2) if the system has a plane of symmetry, the center of gravity
lles in this plane; .

3) for a system having an axis of symmetry, the center of gravity
lies on this axis of symmetry

Since the longltudinal axis is, as a rule, the axls of symmetry
for a solid~propellant rocket misslle, the center of missile gravity
must be sought on this axis. Havling selected the coordlnate system
so that one of 1ts axes coincldes with the longltudinal axis of the
missile, we will find that in order to find the center of missile gra-

vity 1t 1s enough to determine only a single coordinate:

or in terms of the weight of the component parts:
- ,

ey (6.9)

Xut™
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where Py 1s the welght of the 1-th component part; Xy 1s the coordin-

ate of the center of gravity of the 1-th component part;

1s the welght of the missile.

We can see from the last formula that in order to determine the
posltion of the center of misslle gravity it 1s absolutely necessary
to know not only the welght of the 1lndividual component parts but the
positlons of thelr centers of gravity.

The calculation of the center of missile gravity in terms of
welght and the coordlnates of the centers of gravity of lndividual
component parts employed 1n the mlssile is possible on the basis of
the so=called distribution propertles of the centers of gravity.

This property indlcates that 1f a system of material points hav-
ing a total mass my 1s separated into parts having masses m', m",...,
the center of gravity of the 1nltlal system remailns the center of gra-
vity of the total aggregate of m', m",..., in which case

MyXp mm' X,  +MX, .
where x'ts.t agd x"ts.t are the coordinates of the centers of gravity
for the individual parts of the system.

Since the weight of an individual component part 1s generally
calculated in terms of the weilghts of the elementary figures making
up thls component part, the coordinate of the center of gravity for
the component part 1s calculated through the appllcation of the theor-
em on the statlc moments, said theorem applied to the elementary fig-
ures (Fig. 6.17). In this case, the coordinate of the center of gra-
ityyfor each elementary figure 1s calculated on the basis of a draw-
ing of the component part, taking into consideration the fact that
the position of the center'of gravlity for each individual element 1is
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known (Fig. 6.18).
Having determined the weight of the individ-

»

ual component parts and the positions of thelr
centers of gravity for each individual unit in
the assembly of a combat rocket, the pogltion of
the unit's center of gravlty 1s calculated. How-

ever, 1f we know the coordinates of the centers

of gravity for 1individual unlts 1in the assembly,

Fig. 6.17. Deter- it is not difficult to calculate the coordinate
minatlon of posi-

tion of center of of the center of grauilty for the entlre missile.
%{:Xigzgigg'i_ggm- The diagram for the calculation of the cen-
Si:?egzﬁ ggcﬁégg- ter of gravity for a solid-propellant rocket mis-

ate of the center sile and 1ts individual units (warhead) is pre=~
of gravity of the

i-th component of sented in Fig. 6.19.
the flgure.

The flnal calculation formula for the deter-
minatlion of the coordinates of the center of misslile gravity takes the

followlng form:

r1 1 xen _Pl.cl.'.;'*'l’p.!‘:.':
x......_l&!‘— sr .y Pa ’
Fart °—-:{—§ in which case, for example, for the warhead
| : v 21%1+ Pa¥a <+ P26 + Pe¥y
T ar _1 b Pos '
*“- e o anem o . -a °
LA » _1 where Py 1s the welght of the fuse; Py 1s the
::::::: welght of the auxiliary detonator; p; is the

8 ]
xu'-ﬁ-‘n‘;% b welght of the warhead casing; Py 1s the welght

of the explosive charge.
Fig. 6.18. Coordinates

: of centers of gravity Poyw= py+ oy 403+

: for elementary figures

s T %)dcylinder b) trunca- We should turn our attention to the fact
S ed cone

that when the theorem on the statlc moments
1s employed, we must have the coordlnates of the centers of gravity
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Fig. 6.19. Utililzation of theorem on stat-
i1stical moments for the calculation of the
position of the center of gravity for a

solid-propellant rocket missile P
b.ch,

) are the weights of the warhead and

P
r.ch
rocket parts of the missile; xiécz, xgécg)

are the coordlnates of the centers of grav-

1ty for the rocket and warhead parts of

the missile
for the individual elements wlth respect to some common, although
arbltrarily selected, coordinate origin. However, preliminary cal-
culations yleld the coordinate for the center of gravity for each in-
dividual element with respect to one of the characteristic points or
boundarles of thls element. Therefore, before employling the theorem,
1t is necessary to recalculate the coordinates of the individual ele-

ments in the glven assembly to correspond with the drawlng and the

selected system of coordlnates.
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Aerodynamic Forces and Moments. Calculation of Aerodynamic Forces
and Moments and the Determlnation of the Positlon of the Center of

Pregsure

Aerodynamlc forces are produced as a result of the lnteraction
between the missile and the approaching stream of air. This interac-
tion can be reduced to the appearance at the surface of the missile
of a continuously distributed normal pressure and tangentdal stresses
(Fig. 6.20) and, in addition, to the development of a zone of reduced
pressure (Flg. 6.21) in the reglon of the nozzle outlet (primarily
when the mlsslle engine 1s not In operation; in the case of an oper-

ating rocket engline, the stream of the productsof combustion elimin-

ates this zone of reduced pressure behind the nozzle outlet).

Fig. 6.20. Diagram of force compon-
ents in interaction of missile with
approaching stream, sald forces act-
ing on the elementary area of the
surface.dl1 and d12) dimensions of

the elementary area; t', t", and pn)

components of tangential and normal
forces acting on area

The tangentlal stresses and the rarefaction whilch occurs at the

rear produce forces which decelerate the motion of the rocket. These

are, respectively, referred to as the force

~— of frictional resistance and the force of
— tall drag. The resultant of the normal
Fig. 6.21. Development pressure distributed over the frame of the
of zone of reduced pres.
sure behlnd nozzle out- rocket 1s orlented with respect to the
let of rocket flylng
wlth lnoperatlve engine misslle and the approaching stream rather
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arbitrarily; however, having assoclated the resultant with the flow
system of coordlnates, 1t l1ls posslible to derlve a component gf resls-
tance that 1s directed agalnst the direction of motion veloclty as
well as a component that 1s normal to it. The first 1s referred to as
the force of reslstance (drag) due to normal pressure, and the second
is referred to as 1lift.

Thus the total force produced by the aerodynamic Interactlion be-
tween the mlsslle and the approaching stream of alr can be presenyed
in the form of two components; the force X of frontal reslstance
(drag) and 1ift Y. In this case, X appears as a result of friction,
tall drag, and the components of normal pressure, dlrected along the
Oxl axis of the flow coordinate system

X X +-Xg+ Xy, (6.10)
and the Y force appears as a result of the normal-~pressure components
directed along the Oy1 axls of the flow system.

Strictly speaking, the notatlion

X=Xy+-Xp+ Xp.
is valid only when the effect of the forces of friction, tall drag,
and pressure are lndependent, whereas in actual fact these components
are iInterdependent.

However, since the hypothesis of the 1lndependence of the resis-
tance -force components 1s qulte convenient in engineering practice
and since 1ts utilization does not result in any substancial calcula-
tion errors, it is the accepted practlice to use the above equatlon and
to calculate the total aerodynamlc force of reslstance 1n terms of the
individual components of this force.

The phenomenon of the flow of alr past a body and the effect of
the interactlion of forces observed in thls case, are extremely com-
plex.
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The nature of the above-mentioned interaction 1is determined by
a great number of varlous factors which are difficult and sometimes
even lmpossible to take into account. It 1s for this reason that the
forces and moments acting on the missile in_flight are determined most
exactly by experimental procedures. The experiments are carried out in
special installations - wind tunnels - where the misslile, held fast by
speclal means, is set into an air stream; the necessary measurements
are carrled out at thie time, and when evaluated these measurements
make it possible to.calculate the components of the aerodynamlc forces
and moments.

It has been establlished that the basic parameters which determlne
the absolute magnitude of the aerodynamlc forces are the following:

the veloclty v of the approaching stream;

the density p of the gas 1n the approaching stream;

the geometrlical dlmensions of the body from which the character-
1stic dimension 1s generally taken, i.e., the area 8, of the midshilp
cross section of the misslle,

and therefore the relationship between the forces due to the
cbove-enumerated parameters is presented 1n explicit form in the gener-
ally accepted standard form of notation for the aerodynamic forces,
whereas the rest 1s included in the so-called coefficient of force.

The standard form of the notation 1s the followlng:

(6.11)

in which case, since

and
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CX=CXI+CXI+C”" (6.10')
Here Cx 1s the coefficient of frontal drag; Cy 1s the coefficient
of 1ift; fo, de, and Cx are the coefflclents of the components of

total aerodynamic resistaice.

The standard-form notation for aerodynamic forces 1s qulte con-
venlent. The fact that the relatlonshlp tetween the forces due to
misslle dimensions 1s accounted for by the factor Sp and 1s not con-
tained in C, (or Cy), makes 1t possible to model the phenomenon and
to extend the results of the experiment to full-scale parts. For ex-
ample, let a small-scale model of a missile be tested 1n a wind tun-

nel and let the force xmod acting on the model during the wilnd-tunnel

test be measured. In accordance with (6.11)
: o
Xuaa=Cx nn‘m% ’

where xmod 1s the measured force; s 1s the area of the midsectlon;

mod

p and v are the parameters of the flow; C ‘s the coefficient of

x 'mod
model resistance, i.e., of the body of a certaln configuration corres-
ponding to the stream parameters p and v. After the experiment it is

easy to calculate

cx-i"&i-

Suwey

If we now turn to the full-scale object whose model was tested in

the wind tunnel, and if we bear in mind the total geometric similari-
ty between the model and nature (i.e., the full-scale object) 1t is

natural to assume that for the same stream parameters - p and v - the

force of aerodynamic reslstance X . of the "natural" object will be

. [od
xm-cx-u‘-m""'

(since Cx 1s not a function of the dimensions of the body).



P

A"

Thus by introducing the concept of the coefficient of aerodynamic
force it becomes possible to simplify substantlally the aerodynamic
experiment, using data obtalned in wind-tunnel tests of models for the
determination of forces and moments acting on the "natural" missile
under actual flight conditilons.

The wind-tunnel testing of a missile 1s a complex experiment and
1s carried out only in the concluding stage of work on the mlsslle.
Tentatlve values for the aerodynamic forces and moments, calculated
theoretically, are employed in the preliminary calculations (designs).
The methods of approximate aerodynamlec calculation, worked out to the
present time, yleld results that are in rather good agreement with
the subsequent wind-tunnel tests, and the utilization of these calcu-

latlions in the earller stages of misslle design 1s wldespread practice.

Method of Calculatin% Aerodynamic Forces with the Utilization of a

Simplified Model o e Plow of Alr Past a Missile

The approxlimate methods of aerodynamlc calculatlon are based on
the conclusions reached In the so-called linearized theory of stream-
lining and the assumption as to the validity of the principle stating
that the influences of the aerodynamlc forces are independent for in-
dividual misslle parts. With this assumption for a finned rocket mis-

sile, we wlll have

XXt Xon
YVt ¥, } (6.121)
or in terms of the force coefflclents:
Cx—Cx‘.-l-Cx... (6.12")

Cy=Cy,+Cy o
Below, the basic calcu;ation relationships for the determination

of the coefficients Cy K? C s Cx K? and cx o for various flight

y op
conditions are presented without conclusion.

p
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Calculation of the Lift Coefficient

Since the nature of streamlining and the mechanism responsible for

the appearance of the components of the aerodynamic forces 1s a func-

tion of whether or not the flight velocity 1s subsonic (M < 1) or sup-

ersonic (M > 1), it becomes necessary to examine these two cases separ-

ately.

o e

2N
] L b O

by

b € =

Fig. 6.22. Elements
of fins for rocket

missile. 2L°p) total

span of finning;
alop) span of indi-

vidual fin; Bp)

sweepback angle of
leading edge of
stabilizer; Bz)

sweepback angle of
tralling edge of
stabllizer (in Fig.
6.22, B, = 0); Ve

profile thickness
at section of middle
choprd of stabilizer;

lsk sweepback of

taill surfaces.

Subsonic flight velocitles (M < 1)

Finning (empennage). The coefficient of 1lift
for the finning of a missile 1s determlned ac-

cording to the following formula:
1-“*‘«‘&
2440 8

xop 1s the elongatlon orf the finning; a 1s the

angle of attack; s°

(6.131)

.Cl'u=

p 1s the area of the stabil-
lzer fin; Sh 1s the area of the milsslle midsec-
tion.

Fig. 6.22 shows a dlagram of the empennage
(tall surfaces) of a rocket missile and its ele-
ments are denoted. In the denotation shown in the
figure, the basic characteristics 1ln the empen-
nage are defined as follows:

elongation of tall surfaces

W (6.14)
20
area of stabilizer palrs
" g D f = (bt b
P gl e (6.15)
b= T

where bsr is the middle chord of the stabilizer; bkr 1s the root chord;

bkts

18 the tipchord;
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the relative profille thickness of the empennage is
a=lle
by
Strictly speaking, Formula (6.13') was derived for velocltles at
which the compressibility of the alr can be neglected. However, this
relationshlp can be extended to the entlre range of near-sonic flight
velocltles wlth a sufficlent degree of accuracy. With this, an addi-
tional term by means of which we take into consideration the effect of
compressibllity 1s introduced Into the formula, which 1s then written
in the following form:

1,84x) g 280n "
Cra=jive VIoR o (8.13%)

The frame. For subsonlc flight velocltles
Crw~ae, (6.16)
where a 1s the angle. of attack for the missile 1n radians.
The total coefficient of misslle 1ift. The total coefficlent for-a

rocket misslle wlth tall surfaces 1s dzflned as the sum

.C' e g St

or

c, =(l ism.. 1 )..

24400 VI—W o, (6.17)

Supersonic flight velocities (M > 1)

Empennage (tail surfaces). To calculate the coefficient of 1ift
for the empennage 1n the case of supersonic flight veloclitles, we use
In first approximation the formula for 1ift 1n the case of a small-

elongation wing that has a rectangular shape in the in-plan view:

Cr--7%~f (‘ -W'ﬁi:—r)-’:"_‘ (6.187)
for stabllizers with
> T
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or we use the approximate relationship

c,,,=1.35.(x,,+7-ﬂ‘,—__.r-)"—:'1 (6.18")
for stabilizers with
hoa < -;,—ﬁ_;.?r—
The frame. The 11ft of a misille frame, at supersonic flight vel-
ocltles, amounts to
_ Cy x=24a. (6.19)
The total coefficlient of missile 1lift. The total coefficlent of

missile 1ift in the case of supersonlc flight velocitlies will:

in the range of supersonlc velocltles to M<l+f}'
on

Cy-[|,35(1..+ ",—}-ﬁ-—)%'l"z‘]:‘ (6.20")

and for velocities with M>14-
on

e e 207

Calculation of Frontal-Reslstance (Drag) Coefficilent

Subsonlc Flight Velocitles

In calculating the coefficlent of frontal resistance it 1s neces-
sary to bear in mind that in accordance with (6.10') the total coeffi-
cient 1s pfesented in the form of a sum of the components, each of
which 18 employed to take into consideration the effect on the total
reslistance of one of the factors responsible for thls particular res-
istance. Generally speaking, (6.10') is satisfied exactly only in the
case of @ = 0, thus for the a # O the coefficlent of resistance in-
creases markedly as a result of the appearance of the so-called induc-
ed drag and because the increase in the component Cx p’
Let us examine the physical nature of this increase in drag dur«

ing flight at some angle of attack. The primary feature of flight at
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an angle of attack 1s the disturbance of the symmetry with which the
approaching stream of alr flows past the missile. As a result of this
asymmetry 1n streamlining, downwash takes place from zones of elevated
pressure to a zone of lower pressure. The losses produced by this
downwash are taken into consideration by the induced drag (Fig. 6.23)
The second component - ACX - reflects the fact that during flight at
an angle of attack the true mldsectlion differs from the one according
to which the calculation was carrled out, so that the flow 1ls deceler-
ated over a greater area and as a result additlonal forces arise. The
above-mentloned lncrease in the coefflclent of drag 1s taken into con-
3lderation in the followlng form:

Cx=CxotCxi+8Cx: (6.21)

where Cxo = fo + CX gt C 1s the drag coefficient for o = 0; C is

X1
1s the coefflclent by means of

Xp
the coefflclent of induced drag; AC

X
which we take into consideration the additional resistance due to pres-
sure as a result of the nonsymmetrlical flow past the misslle, for
a=4¢g.

In the tentative calculation 1t turns out that it 1s enough to
calculate the coefficlent of frontal resistance without takling into
consideration the effect of the angle of attack, l1.e., the calculaticn
can be done only on the basls of the elements CXp’ fo, and ch'

The relationships for the calculatiorn of indlvidual components
of the total coefflctent of resistance for various flight conditions
are presented below. As 1n the case in which the coeffic¢lent of 11ift
was calculated, the valldity of the principle of independent action 1is
assumed for the aerodynamic forces on the airframe and tall surfaces

of the missile.

The empennage. For the empennage it 1s natural to maintain that
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c q = 0, so that

X
Cxt ou==Cxp + s+ Cuit-ACx. (6.21")
In practical calculations, the components of pressure and fric-
tion are combined for the empennage into the so-called proflle resis-
tance; 1n this case, Notation (6.21') 1s rearranged into the follows
ing form
Cxox=Crsp+Cxi+8Cx (6.21")
or for the negliglbly small angles
of attack

Crea=Crey
e ———————————ra—
. — _

i1f we take into conslderation that

c represents the resistance of a

X pr
single pair of stabllizers, and a

rocket misslle generally has two

b palrs, 1t 1s more convenlent to write
(6.21") in the followlng form:
(6.21")

Fig. 6.23. Appearance of down-
wash in misslle flight at
some angle of attack. Cxou=2Cxmp+CxitACx.

a) a = 0; b) o # 0. and correspondingly for a = O

Cx..~2Cx.

For the calculation of C ] we can use the expressilon

x prlsic

Crup=(0:005+ P2 + 300 ) Je, (6.22)

where A 1s the relatlve thickness of the proflle In the sectlon of the
middle chord; w is the relative curvature of the profile (for rocket-
missile stabilizers, generally w = 0).

The calculatlion of induced drag, 1f taken into consideration,
1s best carried out in terms of a calculation for the coefficlient of
empennage 1lift, uslng

Chee
Cxi™= .:“%' (6.23)
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As a result, the coefficlient of resistance for an empennage with
zero curvature, in the case of subsonlc velocltles, 1s derived in the

following form:

()
Cxo-=(°.01.+ %—'F—*E)%-- (6. 24)

Alrframe. The concept of profile reslstance 1s conveniently in-

troduced for the calculation of CXka when
Cx«=Cxap+Cx,+Cyx; +ACx
or, neglectlng the influence of the angle of attack,
Cxv=Cyxup+ Cxx

In the case of subsonic flight velocitles, a substantial portion
of the proflle reslstance 1s made up of frictional reslstance; there-
fore, 1n rough calculations we can hold that

C xop ~Cxs-
More exact results are obtained when the followlng calculatilon

relationshlp 1s employed;

Cx-p"_lie"y'mc'rl_’i (6.25)

where fo 1s the coefflicient of frictional resistance; AS 1s the coef-
ficlient by means of which we take 1nto conslderation the influence on

c exerted by the component due to the distributlion of pressure.

X pr
For the calculation of fo we use

Cxy=0,0315 Re- 01 20 (6.26)
L]
where Re 18 the Reynolds number of the approaching stream; Spok 1s the

lateral surface of the missileairframe;sm 1s the area of the midsec-
tion, and the correction factor AS 18 determined on the basis of the

following empirical formula

A, =1,865—0,175\, V T— M- 0,013 (1 — M?), (6.27)
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where Xk stands for the elongation of the rocket airframe:

A = -’-!-:

a
lk 1s the length of the airframe; d 1s the callber of the milsslle.
The alrframe-resilstance component, due to rarefactlion, can be

determined in accordance to the following formula:

Cxx=(0,05+ 0.25M’)5:l. (6.28)

where 84n ls the area of rear outlet of the mlsslle; S ls the midsec-
tion area.

Thus, 1f we neglect the influence on reslstance of the angle of
attact, the total coefficlent of aerodynamic resistance for the air-

frame of a rocket missille wlll be

Cy o= 2Cx i 1) i
P ,71_T—om%'+(°'°5"'°‘2-5M)'..
or If we. take into consideration (6.26)

) -0, 18 6.29
Cyim 0.03151.!!0 fem|(0.05-+0.25M7) 2, (6.29)

The total coefficient of missil~ resistance (drag). 'Thus, at sub-

sonic velocitles.

c,-(o.o: + A Cl°'-)?i'!-+

when/ 8y
0,0315A, Re—%1% - (6.30
T e w0002 32 )

or after substlituting the value of Cy op

- 0,062 xh [ 1:848_\'] 250

Cx=[oortviT (i) ] 5+
O.mwm-o.l. .

+_7W -‘f'l' (0.055+0.25M'?'7;l-.

For the active phase of the flight, when Cx

(6.30")

a=9
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4 20018 AR~ 210 0,0315 ARe— 0146 Shon.
YT1+0,2M¢ Su )

The calculation data indicate that in the case of large missiles
and rockets, approximately 95% of the total resistance can be attribu-
ted to the airframe.

The effect of the angle of attack on drag 1s a functlon of flight
veloclty and the magnitude of the angle. As an example we can cite the
following data. For the M13 misslle, during test launchings, wlth a
flight velocity of ~275 m/sec (M = 0.8) the component due to the an-
gle of attack did not exceed, in the over-all balance, a reslstance
of 8% at a= 0.1 (~6°), and 27% at q = 0.2 (~12°) and with a reduction
in flight velocity the relative value of the component due to the an-
gle of attack dimftnished.

Supersonic flight velocltles.

In the case of a flight at supersonlc veloclties, the nature of
reslstance changes somewhatn While in the case of subsonic flight vel-
ocitles the resistance occurs primarily as a result of the frictional
forces, at velocltles corresponding to M > 1 the baslic role 1s played
by resilstance due to pressure distributlion over the surface of the
missile and 1in the stream about the missile. The very nature of this
pressure dlstribution differs radically from the case of subsonic vel-
ocltlies; a system of so-called compression waves form . about the mis-
sille; this system of compression waves 1lnvolves shock waves of varlous
intensities. The existence of shock waves 1:'the stream is a charac-
terlistic feature of flight at velocitles IiIn excess of the speed of
sound. Thils feature determines entirely the nature of the forces that
are active at such fllght velocltles. The streamline pattern for the
missile in the case of supersonic flow 1s presented in Fig. 6.24.

The coefficlent of mlssile resistance 1in the case of supersonic
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Fig. 6.24. System of compression
waves formed during missile flight
at supersonic velocity. 1) Tail
shock wave;2) local compression
waves; 3) forward shock wave

flight velocltles 1is presented ln the form of the sum of the follow-
Ing components:
Cx'—"chx s+ Cx 1+ Cxs+Cxi+ACx=Cxy+ Cx,+ ACy, -

where CX v 1s the coefficlent of resistance due to the forces of normal
pressure, sald coefficlent 1n the case of supersonic velocities, refer-
red to as the coefflclent of wave resistance. The remalning denotations
are the same as in (6.21).

The coefficlent CX of the missile for supersonic flight velocitles
is determined, as before, on the basls of missile elements.

Tail surface. The coefficlent of wave resistance for the tall sur-

faces 1s calculated 1n accordance wlth the following formula:

»

,Ljpo')m

) 2oy (6.31)
Com—VRT w

where y = y(x) 1s the equation for the contour of the tail-surface

profile.
For a profile formed by parabolic arcs (Fig. 6.25),

)
1 -t
;fwu,t

- 318 -



where A 1s the relative thickness of the profile, so that for such a

profile
18
- A3
3 2508
CXD- ;77_!['_—_‘ oy ’

l.e., the total wave reslstance of the tall surfaces, taking into con-
=73 slderation that the misslle has two pairs

¥y 2(bey=x) N of stabllizers, will be

o O 2 6.32
Cxs e (6.32)

The rear reslstance for a symmetrlc

bep=2xp

Flg. 6.25. Profile ele-
ments formed by para-
bollec arcs, X Cross=-

proflle 1s equal to zero, whereas in the

case of stablllzers havling a truncated
sectlonal coordinates

with maximum profile rear edge, thls resistance 1s negligibly
thickness (ymg
small. In view of this, 1t 1s malntailned

that 1n the case of tall surfaces CXd = 0.

The quantity fo for supersonlc veloclties 1s determined in ac-

Wy cordance with following formula:
2; 2
_%7 Cx,-0.0315R¢’.'" 2_:‘:.. (6. 33)
N e 5, —
- bep - ‘ where the Re number for the tall surfaces 1s
Fig. 6.26. Geometric as follows:
elements of a rhombold Mabey vy
profile Re-T‘-'-—;—.

where a 18 the speed of sound propagation in alr (a = 340 m/sec);
v 1s the flight velocity; v 1s the coefficlent of kinematic air vis-
coslty, whose value for the conditions of flight close to the earth
can be assumed to be v = 1.45-10_5 mz/sec.

The components of the resilstance which appear as a result of the
angle of attack are most expedlently evaiuated in complex form.)For

this, we can employ the following formula:
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4a? 1 1 280
CxtCumg=r (=7 mym=T) W (6.34)

In conclusion, the total resistance of the tail surfaces in the

case of supersonlc flight velocitles amounts to

| 'C,f"—[;-;,—”ﬁg’_—_r+4-0.0315Re-mla+ 6.35)
+ 7= (17 =) e

This formula was derived in the assumption that the cross-section
of the stablllzer 1s a symmetrlc contour formed by parabolic arcs. In
the general case, the formula 1s written as before, with the exception
of the first term which must be determined in accordance with Formula
(6.31).

In the practlce of empennage deslign, in additlion to the proflle
formed by parabollc arcs, wldespread use 1ls made of symmetrlic rhom-

boid profiles (Flg. 6.26). For such a profile
T
—((v')2dxmps L L)
,‘,gmdx P+R(1-3)
or in the case of a symmetric rhomboid profile (b; = (v/2), By ==52)
[
L (iypdemn,
;

The alrframe. In calculatlng the coefficlent of airframe resis-
ance, we generally take into conslderation only the components of wave
resistance, frictlional resistance, and rear drag; the effect of the
components due to the presence of an angle of attack (Cx1, Acx) on the
magnitude of this coefflclent can be neglected.

The component due to wave resistance can be estimated in accor-

dance with the following formula:
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C x s =0,4155,— 0,667 (0.327p°+ )(1 ). (6.36) (6.36)

where 50 is the so-called pressure coefficilent on the cone at the tip
of the missile (the conic angle 1s equal to the corresponding angle
indicated on the drawing). The quantity 50 can be determined 1n ac-

cordance to the following emplrical formula:

p.=(oosa+ )(w) A (6.37)

BO 1s the cone angle at the tip of the missile;* VO 1s the pressure-
recovery factor; thls factor 1s the ratio between the deceleration
pressure of the stream after and prlor to the pressure Jump which

appears in the case of a missille flylng at supersonic velocities:
== (Mby).

Detalled tables for VO = f(M, ﬁo) can be found in the above-men-
tloned work by M.F. Krasnov.

In approximate terms, the magnitude of

)
010 T
mJ NN Ty Cx y can be estimated in accordance with the
0 ' ®=0 following formula:
1 2 J ¢ § 6~ M .
2 1 (6.38)
Fig. 6.27. Effect of Cxo=3 1"

angle of attack on "

magnitude of Cy _ of where A = (xm/dm) i1s the elongation of the

the migsile alrframe
in the case of varl-
ous M(ach) numbers

missile; X 1s the coordlnate of the section
in which the misslle diameter attains 1lts max-
imum value of dm.

Calculations show that with low flight velocities corresponding to
M = 3-4, the changes in the magnitude of Cx y as a result of the ap-
pearance of an angle of attack need not be taken into consideration.

At greater veloclties, the increment Acx becomes substantlal even in
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the case of @ and 1t must be taken into con-

Csa
02— \\ sideration (Fig. 6.27).
-0 ‘ The coeffilcient of rear resistance 1s
g TS ":%n calculated in accordance with the following
formulas:
Fig. 6.28. Nature of 143 0,772 : for

change in coefficlent Cx,===2=—22(1.—0,01IM)%22  mumn M<6 (6.39°
Cx 4 for the airframe e m )",. ers M6 (6.39')

of the missile with and
sdn/sm = 1.0 for var- fop

ious M(ach) numbers ' c,,;‘-_“iu‘ numbers: M>8. (6.39")
M 3,
The nature of the change in Cx d with respect to M(ach) numbers
is shown in Fig. 6.28.

The coefflclent C 1s defined as

Xt
Cx1=0.0315 Re—O.I"T“.!_. (6' 40)
‘ |

In calculating fo 1t should be borne 1n mind that the Re number
1s a functlon of the altitude of misslile fllght, since the denslty of
the alr and the speed of sound propagation 1ln the alr changes with al-
titude. Comparative values of the coefficlent fo for two varlous al-
titudes are shown 1n Fig. 6.29.

In conclusion, the total coefflclent of frontal drag for the air-

frame 1s determined by the sum

Crym2 Ly 1? 0,772

3T = o.onm'w]-!+
. - (6.411)
-+omn5mr%w
o
for a flight at velocities corresponding to M < 6, or
=2 1 L1888 - 6.41"
Coo=3atm = +0,0315Re- et ( )

for M > 8, where in the case of need for more exact calculations, the

coefficlent of wave resistance must be presented in the following form:
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’ :;" .27yl C s =0,4155,— 0,667 (03275 + L=
' I % 5 ¢ m‘ instead of .. %-i',- .
Fig. 6.29. fo of the
?&sgtignaé§f§??itigea The total coefficient of misslle resis-
g:;svarous M(ach) num- tance. The coefficlent of the frontal drag
of a finned misslle, in the case of super-
sonic velocitles, is found as the sum of the resistance components due
to the tall surfaces of the misslle and the mlssile airframe.
Cy . For a more extensive range of velocitles,
02— ' not exceeding M = 6, the calculation formula
q,i /- will be:
.-w il ‘ ] Cx="5- x’+[”3 0772“__00”M2)as ?:_,_ 6.12)
/‘{ ' +0,0315Re—0.45 ‘%-}-[3 ;‘f;" +0|26Re-°"‘5+ .
- et (T e
— ?&%&tiégoéYN:Fg;?agf For the active flight phase, the calcu-
- of solid-propellant lation formula can be simplified somewhat:
rocket missile for
:gzil angles of at- C“L—————ﬁ-OONSRr¢“ﬁ“"+
+[;ﬁﬁ{—l ~+0,126Re=0:145
+ e (= e
(for the case in which the missile has a tall surface whose section i1s
formed (profiled) by parabolic arcs).
Thus Formulas (6.16) and (6.19) make it possible to calculate the
R coefficient of missile 1ift in the case of sub- and super-sonlc velo-
i~ cities, and Formulas (6.30) and (6.42) make it possible to calculate

)
[
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the coefficient of frontal drag. We can see from the sormulas that

for a missile of some definite design, the coefficlents are completely

determined by the flight Mach number and the angle of missile attack.
Figs. 6.30 and 6.31 show tentative

CL TTGF L] relationships Cy = Cx(a) and Cy = CY(a), con-
ﬁ\\\ ﬂim_ ‘/(, structed for the case of M = const. A compar-
L \5£Zk¥fju~_q ison of these curves leads one easlly to the
01— ; conclusion that gilven small angles of attack
F’b"‘f‘" rﬂFwﬁh (velow 3-5°) Cx > Cy, where for a close

-0 -005 9 005 010%
to zero CY-* 0, whereas as Cx even with a

Fig. 6.31. Nature of zero angle of attack has a certain definite
change in Cy = Cy (a)

of solld-propellant
rocket missile for
small angles of at-
tack

value. Since the posslble angles of attack
as a rule, are limited, we frequently examine

only the coefficlent C, of the missile. The

X
nature of the change 1n this missile with respect to the Maqp numbers
and the angles o 1s an important characteristic of the missile being
desligned. The tentative form of the famlly of corresponding curves 1is
presented in Fig. 6.32.

For exterior-ballistlic calculations 1t is important to know not

only the magnitude of the active aerodynamlc forces, but the position

05
Cx .

= =010(~0%)

' 1*:
o 1 2 J 4 s § 7 [ [}
Fig. 6.32. Summary curves Cy = Cx(M) of the

finned solid-propellant rocket missile for
various angles of attack a (for the case of
flight during the passive phase)
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of the point of appllicatlon of the resultant of tnese forces, called
the center of missile pressure, since as will be shown below, the
mutual poslition of the center of pressure and the center of missile
gravity determines the degree of missile stabllity on 1its trajectory.
It 1s general practlce to regard the center of pressure as belng sit-
utated on the axis of the misslle at a distance of Xes.d from 1ts nose,
and 1t 1s for thls reason that the calculation of the center-of-pres-

sure coordlnates can be reduced to the determinatlion of the coordinate

Xes.d.
In aerodynamlcs, we generally use the dimensionless coordinate‘

L Iy
Xx

where X 1s the total length of the body being considered.

’
Thils coordlnate 1s referred to as the coefflcient of the center

of missile pressure and 1ls denoted as follows:

Coa=22t (6.43)

It can be demonstrated that at supersonic velocltles for a solid
of revolution, conslsting of an ogive curve and a cylindrical part,

(for the airframe of the missile),

_ 0.733+0,067a\ ( B —1) (6. 44)
SRE 2 [1,57 + 1,33adg (2—1)] *

where o 1s the angle of attack; xm = (xm/d) 1s the elongation of the
forward part of the missile; A = (xk/d) is the elongation of the en-
tire airframe; ik = (xk/km) 1s the dimensionless alrframe length
(/)

The basic denotations adopted in (6.44) are i1llustrated in Fig.
6.33.

In practical calculations we can assume that for alrframes of

rockets having an elongation of the order 7-10, the coefficilent of the
- 325 -
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center of pressure 1s equal to 0.5.

Since 1n the transition from subsonic flight velocities to super-
sonic flight velocitles the rocket stability margin diminishes some-
what, Cts.d for M < 1, need not be calculated, since the rocket that

is stable at supersonic velocities will obviously be stable at subsonic

veloc;ties.
y ) With respect to the tall surfaces
_~B :
-——)—fjiqﬂﬂ—-u——. — of the misslle, 1t 1is assumed that the
~—*ﬁ:- . center of tail-pressure lles in the mid-
waA
X

1 dle.ef the central fin chord (Fig.

Fig. 6.33. Geometric ele-
ments of alrframe of rock-

g; 21?81%33 1s the elon certain missile assembly and tall-sur-

6.34). This makes it possible, given a

gation of the forward part face geometry (Fig. 6.35), to calculate
of missile; A = xk/d is

missile alrframe elongation;

X = Ak/km 1s the dimension-
less missile length

the coordinate of the center of tail-

pressure X, . . o and to find Cts.d.o’

Xux-o0 ™= Xx—-M—bep,

Xg+m -.e'- 1 - .c'—.
e Xx

For the calculation of the center-w#wpressure coordinates for

cl«l..

the entire missile, we employ the theorem on the static moments for

a system of parallel forces applied at the center of airframe and
tall-surface pressure. The component‘Yk and Yop for the forces of mis-
sile 1lift are conveniently employed as such a system. Employing the
theorem on statlic moments and assuming that for smail angles of attack
(@ ~ 0.05), the vectors of the forces Y, and Yop
the axis of the missile, we will obtain (Fig. 6.36).

are perpendicular to

Cy *nax+Cy onturo=Cy Xua, _
where Cy is the force of missile 1lift, equal to the sum of the air-
frame and tail-surface components; and Xis.d.o 2Fes respect-
ively, the coordinates of the center of pressure for the airrrame and
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the tall surfaces of the misslle; Xis.d 1s the coordinate of the cen-

ter of missile pressure.

Fig. 6.34. Posi-
tion of center of
pressure (ts.d.o.
- center of tall-
surface pressure)
for certaliln types
of stablllzers

From this equation

X = Cy x¥u.1.x :rcl’ onXnso . (6 . 45 )

l1.e., the coefficient of the center of misslle

pressure will be

Xn.ax Xu.2.0
C

ol =Fua __ % rut Xn

R.8 “ C’

Crm  (6.46)

In addition to the above-dlscussed method
of an approximate calculation of the aerodynamic
forces acting on a finned rocket misslle in
flight, we sometimes employ the relationshilps
that come Into play 1in rocket englneering from
the theory of conventlonal artillery. These re-

laclonships make 1t posslible, as a rule, to

evaluate more rapldly, although with a lower degree of accuracy, the

parameters of the stress-bearing interaction of the mlssile with the

y

approaching air stream and may be

Lune,

3:.- ' useful for preliminary calculations.

+ el

==

- Method of estimating the aerodyna-
" mic forces in terms of the coeffi-

clent of missile shape

Xx

It is easy to derive the for-

Fig. 6.35. Calculation diagram

of misslle for determination mula for the calculation of the
of center of tall-surface pres-
sure in system of coordinates force of frontal missile reslstance

connected to misslle

(drag) in terms of the shape coef-

ficlent from the standard form of denotation for the aerodynamic force:

X’Cﬂ.?.

In this denotation, the term v2 characterizes the relationship be-
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tween aerodynamic forces and the flight velocity, assuming this re-

lationship to be squared. This quadratic function 1s valid only for a

y g, certain definite range of veloclties.
C,n Ev In the more general form, for any
. usd flight velocltlies, instead of v2, it
-—r.—ik_tﬁ._ a h‘x
—ud ' , 1s expedlent to introduce simply some
) Xeas - velocity function F(v). This function

- Fig. 6.36. Calculation dia- is referred to as the resistance (drag)

gram of misslle for applica-

- tlon of theorem on static
moments on determination of
positlion of missile center
of pressure

function. The factor p 1is employed to
take into conslideration the effect on
the magnitude of the aerodynamlc forces
exerted by the denslty of the approachlng alr stream. Since the densilty
of the alr 1s afunction of the altitude of the glven alr layer above
sealevel, the factor p may, in the general case, be replaced by some

missile flight-altitude function H(y). Final-

ﬁ A HE ] ly, Cx and S reflect tpe relatlonshlp between

0 j‘ s5d aerodynamic forces and the shape and dimensilons

0 A/ B ! # of the body. In artillery, this relationship
¢ 0% 0 : . is generally taken into account by the ballls-

Fig. 6.37. Laws gov- tic missile coefficient Co. Thus the denota-

erning reslstance of tion
standard missiles 1)
The Siachchl [sic]

- i L3
law; 2) The law of XmCysu™g
the year "1930"; 3) .
The law of the year is modified to the following equivalent form
"1943. 1" .
X=CH)F(v), (6.47)

where Co is thg ballistic missile coefficilent; A(y) is the altitude
function; F(v) is the resistance function.
The ballistlc missile coefficlent 1s assoclated with the basis

! design parameters of the missile by the following relationship:
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Cym 11000 (6.48)

where 1 1s the coefficlent of missile shape; d is the callbre of the
missile, in inches; g 1s the welght of the missile, 1in kg.
Let us introduce the ratio q/d3, generally referred to as the

lateral load on the misslle, and denoted by
' q

1f we take into consideration Cq, (6.48) will be

= Jooor (6.48")
Co "
The quantity Cq amounts to, for example, Cq = 15 kg/dm3 for the

finned rocket missiles of the USSR M-8 system, and for the USSR M-13
system, Cq = 19 kg/dm3.

The established practice of prelimlnary balllstics calculations
reduces the calculation of tpe coefficlent C0 to a comparlson of thils
coefficient with the balllstic misslle coefflclent adopted as the stan-
dard, so that

Co=iCour (6.49)
where CO et is the ballistic coefficlent of a standard misslile; 1 is
the shape factor of the glven misslile.

The quantity C0 et for various velocit%es 1s determlned experi-
mentally. Frequently, the curve first derived by Slachchi [sic] 1s
chosen as the standard curve Cy .. (M). However, generally speaking,
other curves taken for misslles of definite configuratlions can be
selected as the stgndard. In addition to the Siachchl [sic] curve, the
curves which are conventionally referred to as the curves of the "1930
law" and the "1943 law" (Fig. 6.37) have also found widespread appli-
cation.
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Experlence 1n the design of rocket missiles shows that for the
preliminary calculations of the coefficlent of shape for finned mis-
slles employed in the field artillery can be assumed to be equal to
1S = 0.8 1s accordance with the Sliachchi resistance law; 1t can be
assumed to be equal to 130 = 1.35 in accordance with the "1930 law";
and in accordance with the "1943 law," it can be assumed to be equal
to 143 = 1.45, so that‘phe ballistic coefficlent of the missile can be

estimated as follows: ,
C,=08 (Cour)cnaven :
C°=1.35 (Co.r)lmr.. ‘ . (6. 49 ! )

C0=1'45 (CO u)"“ T
where the value of Co of the standard mlssiles 1s taken from the cor-
responding curves, and in first approximation the curves shown in
Fig. 6.37 can be employed.
If we compare the curve CO(M) of a true finned rocket missile

against the standard curves (Fig. 6.38), 1t 1s easy to show that
2=/ (M),
(2]

i.e., the shape factor, strictly speaking, cannot be assumed to be
constant for the various flight velocltles. For example, for a missile

whose resistance-function curve 1s shown 1n Fig. 6.38, the magnitude

G T of the ratio changes as shown in Fig. 6.39.

q 7 : We can see from this figure that while with
w*: A3t respect to the "1930 resistance function' we

’q - can examine some average value of the coeffi-
o W

clent of 1 in terms of flight Mach numbers,

Fig. 6.38. Compar-
ison of law govern-
ing resistance of a
finned solid-propel-

lant rocket missile
with standard ourves 8ibly produce serious calculation errors. There-

such averaging 1n the case of the Siachchi

[sic] law (function) such an averaging may pos-

fore, in the case of refined calculations as a
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rule, the relationship between the shape factor of the missile and

velocity 1s taken into consideration.

(ol The relationship i = f(M) can be taken
',; Into conslideration with an adequate degree
08 of accuracy 1f the values of the shape fac-

tor presented in Table 6.1 are employed in

S I T
the calculatlons.
Filg. 6.39. Shape fac-

- tor 1 of finned rock- Thus a calculatlon of the force of
et missile as function
of the flight Mach ") frontal missile drag in the second case can
number 1) the "1930
law"; 2) the Siachchi be reduced 'to a determination of the shape
[sicj law.

factor of thils missile with respect to one
of the standard resistance functlons. However, i1f we know the shape
factor 1, 1t 1s easy to find the required calculation magnitudes, us-
ing the above-presented relationship. It is clear that this method 1is
applicable only for an evaluatlon of the active forces in the case of
rough preliminary calculatlons.

TABLE 6.1.

Recommended Calculation Values of Shape
: Factor for Finned Rocket Missile for

F Various Laws of Resistance

1 Kospuunens opust

M x saxomy [3x saxom X sawomy
Cnuu’ 1930 r.’ 148 1.

b il

0,1 0,980 1,360 1,000
0.5 0,975 1,350 1,600
1,0 0,508 1,230 1,36
1,6 0,506 1,328 1,206
5 Cpeanee smaswenne xoshhunnenra $opuu »

PACCHMATPNBICHMOM ANINAIONS CK!

0.1-18 | om 187 | 149

law; 3) for the 1930 law; 4) for the 1943
law; 5) mean value of the shape factor inr
(“g the velocity range being examined.

Calculation of Aero ¢ _Moments Acting o gsile in Flight
It has been shown that in referring the aerodynamic forces to the
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center of gravity, there appear moments whose magnitude is determined
by the magnitudes of the aerodynamic forces X and Y and the distance
between the center of gravity and the center of missile pressure. De-
noting thls distance by
| e=tux—Xny,

we will obtain (Fig. 6.40)

M=Ye cos-a+Xe sina. (6.50)

The standard form of writing out the aerodynamic moment M 1s glven

by the followling expression:
2 (6.51)

M==Cy8. X, '? ,

where CM 1s the moment coefflclent; sm 1s the area of the rocket's mid-
section; X 1s the characteristic linear dimension of the rocket which
1s generally assumed to be the length of the mlssile airframe.

Taking into consideration (6.51) and the standard form of denot-
ing aerodynamic forces, we will derive Eq.(6.50) in the following
form:

i

o2
C‘,s_x,—';-z =Cys, -'T ecosa-}-Cys, i slqc.

whence for the moment coefflcient CM we obtaln the following relation-
ship
c,-;‘-(c,,cou+c,,sm.) (6.52)
[

or for the case of small angles of attack, when we can assume

cos ¢ = 1.0, sina = a.

Cum=r(Cr +5Cx)- (6.52")

It 1s evident that glven a zero angle of attack, the aerodynamic
moment will vanlsh. |

The components of the total asrodynamlc moment with respect to
the 0x', Oy', and 0d' axes of the connected coordinate system are re-
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ferred to, respectively, as the moments of roll N&, yaw MW' and
pltch Me. These are generally expressed In terms of the correspond-
Ing coefflclents, in standard form:

' # (6.51")
Ml-clﬂ'uxl";-'

o
M&“Cl""lxl £2._'

”
My == C g8, 12—' ’

where CMG’ CMW’ and CM¢ are standard coefficients.

A shift of the missile in space as a result of the action of mo-

ments Me, MW’ and M¢ hinders the forces of viscous frictlon and those

Fig, 6.40. Calculation of aerodynamic
moment 1n terms of the forces which
produce the appearance of this moment.
hy = e cos &) arm of 1lift force with

respect to center of missile gravity
h, =e sin a) arm of force of frontal

resistance wlth respect to center of
misslle gravity

forces which appear as a result of certain secondary phenomena which
can be observed in the case of the misslle turning about the center
of gravity. This counteractlon 1s generally taken into conslderation
through the introduction of the concept of the damping moment by which

we mean the moment which ls proportional to the total counteraction of
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the medlum. Each of the moments Me, MW’ and M(p is asslgned a damping

moment of the same designation:
Mé ls the damping moment of pitch;
M'W 1s the damping moment of yaw;
M'¢ 1s the dampling moment of roll.

To distingulsh them from the damping moment, thenmmentsMe, M¢,
and MW are sometimes referred to as the stabllizing moments.

Thus there 1s always some effectlve moment AMef, acting on the

missile, said moment determined by the followlng equation
AM.QEM c,—M Reumby

where Mst 1s the stabllizing moment; M is the damping moment.

dempf
The calculation of the coefficientsCMG,

and C! c!

Cuy* Cue Mo’
and C'Mm 1s the comparitively complex. In first approximation, the

My’

damping moments need not be taken into consilderation, and CMe’ cMw’ and
CMW’ can be taken into conslderation 1n terms of Cy, CX and the geo-
metric characteristics of the missile.*

§3. GENERAL SYSTEM OF EQUATIONS OF MISSILE MOTION IN AIR IN A SPATIAL
SYSTEM OF COORDINATES

In the general case, in accordance with the basic principles of
mechanlics, the complex motion of a missile with respect to a ground
system of coordinates can be presented as the sum of the forward
(translational) and relative motions. In this case, the forward (trans-~
lational) motion will be the translation of the center of missile
gravity, the nature of which is determined by the well-known relation-

ships for translational motion:

mi-g(n),. "

- (6.53")
my = S\ (F),,
fes]

MEB.Z(FJ)J'
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The rotation of the misslle about the center of gravity, in ac-

cordance with the followlng equations, is referred to as relative mo-

tion:

(6.53")

In the systems of equations (6.53') and (6.53") the following de-
notatlons have been adopted: m is the mass of the rocket missile, at
some arbitrary instant of time; X, ¥, and Z are the second derivatives
wlth respect to time of the coordinates of the center of mlsslle gra-
vity in a ground coordinate system (the components of acceleration
along the axes of the ground system of coordinates); (Fi)x, (Fi')y and
(Fi)z are projections of the i-th components from the system of forces
acting on the missile during flight onto the 0x, Oy, and 0z axes; my
1s the number of forces acting on the missile; Je 1s the moment of
mlssile 1lnertla wlth respect to one of the lateral axes of the connect-
ed system of coordinates (Oy' or 0z'), referred to as the equatorial
moment of 1nertila; Jp is the moment of missile inertla with respect to
the Ox' axls of the connected coordinate system, referred to in the
established terminology as the polar moment of inertia; B, ¥, and 9
are the second derivatives with respect to time of the angular coor-
dinates of the two moving coordinate systems with respect to the ground
coordinate system (the components of conditional acceleration with res-
pect to the corresponding axes); Mej’ ij, and MWJ are the magnltudes

of the J-th moment with respect to the corresponding angles from the
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total system of moments acting on the missile; n, i1s the number of mo-
ments acting on the missile in flight.

Bearlng in mind what was saild earlier about the system of forces
and moments acting on an ungulded rocket missile in flight, we will
obtain a general system of differential eq&ations of missile motion

having the followlng form:
mi—R,—X,—Y,-Z,.
my=R,—mg+Y,~X,~2,,
mz=R;—~X;—VY;—~2,, (6.54)

Jh=My— M,

Jobp= My— My,

I,‘éﬂM,—M'..
where Rx’ Ry, and RZ are the components of the force of thrust from a
rocket englne, along the axes of a ground system of coordinates; mg 1s
the force of gravity (the welght of the misslle); if we assume the
earth 1s flat, thils force 1s projected only on Qy!'; Xi’ Y&, and
XZ are the components of the force of frontal resistance along the
coordinate axes; Yk, Yy, and Yz are the corresponding components of
1ift; Zx, Zy, and Zz are components of lateral force; Me, MW’ and M(p
are the stabllizing aerodynamic moments with respect to the coordin-
ate angles of pltch, yaw, and roll; Mé, M&, and M& are the correspond-
lng damping moments.

Generally speaking, the Corilolls force which takes into consi-
deration the rotation of the earth about i1ts own axis should be added
to the above-enumerated forces. However, for solid-propellant rocket
missiles having a flight range of 50 to 80 km, the Coriolis effect
need not be taken into consideration and the system of forces can be
considered in the form in which it i1s presented in Eqs. (6.54).

System (6.54) 1s somewhat too complex in order to solve it in its

general form. In fact, the mass m of the missile changes with respect
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to time, at least durlng the actlive phase of the flight, l.e., m =
=m(t).

The thrust R of a solld-propellant rocket engine also changes
with respect to time because, first of all, it can be programmed in
some way, and, secondly, because 1t changes wilith flight altitude as a
result of the drop 1n the pressure of the surrounding medium. Thus, in
the general case

Re=R{tw, 4+
where tpr 1s the instantaneous instant of tlime of programmed flight.
Flnally, the aerodynamlc forces and moments also change wlth res-

pect to time, and these are functlons of altltude and flight veloclty:

xax(y' X ya ’l t):

-----------

Taking these remarks wlth respect to the actlve forces into con-
sideration, we can write the system of equations (6.54) in expanded
form:

m () X=R, (bay ¥) = X, (0, £ 92, ) =Y, (3. 8, 3, 2, 8) =
~Z(y. %, 9, 2,0),

m(8)y =R, (t,pry) —mZ (9. £) = X, (¥, %,5.2.0) +
+Y,(0 X3 2,02, (9. % 9.2, 8),
T m() 2=R,(teg V) = Xs (. .Y, 218) -
- ~Y,(p 25,80~ Z, (0. 59, 2.0).
'5 1 ()8mMy(y, 2,9, 2,8)— M (9, X, 5, 2.9),
ﬁ 1,8 =My (3, 5.5, 2.0)— My (3.5 3, 5. 0),
7, () 3= My (3. 3. 30 2,8) = My (3, %, 9, £,8).

This system conslsts of slx conventional llnear differential
equations with variable coefficlents, a portion of which (for example,
1’ the aerodynamic forces) cannot even be presented in analytical form,

as formulas which relate the varlables ¥, X, ¥, ...t.
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The clted general system of equatlions for misslile motion 1s gen-
erally simplified for practical application. In this case, the most
substantlal simplifications are assoclated with the property of mis-
s8lle stablllity on the trajectory.

§4. THE CONCEPT OF MISSILE STABILITY ON THE TRAJECTORY

The motlon of a missile on 1ts trajectory 1s regarded as stable
if in the case of chance deflectlon of the missile from the trajectory
there arise forces and moments which act to return the missile to 1ts
initial trajectory.

In the deslgn of a missile, special measures are taken to provide
for missile stabllity in flight. The flight of a missile on its tra-
Jectery can stablillzed through the use of tall surfaces (empennage)
or rotation (or the combined effect of tail surfaces and rotation).
Empennage stabillzation 1s attained as a result of the fact that addi-
tional aerodynamic forces act on the tall surfaces, and these forces
can return the missile to its 1inltlal trajectory in the case of misslle
deflection. Stablllization by means of rotation 1s based on the so-cala-
led property of gyroscoplc stabllity that is inherent in bodies of cer-
tain shape (including the shape of a missile) rotating at a great an-
gle of velocity about 1ts longitudinal axis.

Without dwelling in too great detail at the moment on the problem
the stabllization of solid-propellant misslles, we will say only that
i1t would be 1lmpossible to fire at some target 1f chance dlsturbances
(wind gusts, local drops in air density, etc.) could move the missile
from its trajectory and cause the missile to contlnue in its deflected
course from the initial flight headlng, i.e., if the missile were un-
stable on 1ts trajectory (Fig. 6.41).

For a stabllized missile trajectory, the latter 1s an almost
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The clted general system of equations for misslle motlon 1s gen-
erally simpliflied for practical application. In this case, the most
substantlal simplifications are assoclated with the property of mis-
slle stabllity on the trajectory.

§4. THE CONCEPT OF MISSILE STABILITY ON THE TRAJECTORY

The motion of a milssile on 1ts trajectory is regarded as stable
1f In the case of chance deflection of the missile from the tra]jectory
there arise forces and moments which act to return the missile to 1ts
initial trajectory.

In the design of a missile, speclal measures are taken to provide
for missile stabllity in flight. The flight of a misslle on 1ts tra-~
Jectory can stabilized through the use of tall surfaces (empennage)
or rotation (or the combined effect of tall surfaces and rotation).
Empennage stablllzatlon 1s attalned as a result of the fact that addi-
tional aerodynamic forces act on the tall surfaces, and these forces
can return the missile to its initial trajectory in the case of mlsslle
deflection. Stabllization by means of rotation 1s based on the so-cal-
led property of gyroscoplc stablllity that 1s inherent in bodles of cer-
tain shape (including the shape of a missile) rotating at a great an-
gle of veloclty about its longitudinal axis.

Without dwelling in too great detall at the moment on the problem
the stabilization of solld-propellant mlsslles, we wlill say only that
1t would be imposslble to fire at some target 1f chance dilsturbances
(wind gusts, local drops in alr density, etc.) could move the missile
from 1ts trajectory and cause the missile to contlnue 1n 1ts deflected
course from the 1nitial flight heading, i.e., if the missile were un-
stable on 1ts trajectory (Fig. 6.41).

For a stabillized misslle trajectory, the latter is an almost
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ldeally flat curve situated in the firing plane. Consequently, if for
purposes of studying the motion of such a missile the plane xOy of
the ground system of coordinates were made to coincide with the fir-
ing plane, the lateral coordinate of the position of the center of
missile gravity would be constant and equal to zero, l.e., the third
equation in System (6.54) could be eliminated.

Moreover, the property of missile flight stabllity assumes that
the oscillatory motion of & missile about the center of gravity 1s
limited and is damped aftar the disturbance has been removed. This
allows us in certain cases to neglect the equations of rotational mo-
tion in System (6.54). As a result, for known stable flight System
(6.54) is substantially simplified.

y - y
. ./' .
imi= > limge=0
./ %‘fa b ” tean
. A 4
M
X X
a)a §d

Fig. 6.41. Unstable and stable missile
motion on the trajectory a) Unstable
motion;b) stable motion; M) the point
on the trajectory at which a certain
disturbance 1s applied on the missile
by external forces

§5. SYSTEM OF EQUATIONS FOR MISSILE MOTION STABILIZED BOTH ALONG THE
TRAJECTORY AND IN THE FIRING PLANE

Having taken Ilnto consideratinn the above with respect to the
features encountered in the stabilized flight of missiles, we obtailn
the system of equations of misslile motion 1n the firing plane in the
following form

mﬁféRx—X.-Y;—Z;- } (6.551)
my=R,—mg—X,+V,~2Z,
for missiles stabllized with tall surfaces, or

"";"R:"‘X:" Y‘-Z‘, (6.55")



‘e

for turbojet missiles, stabilized by rotation..
In the preliminary calculations, the forces Y and Z and Egs.
(6.55') and (6.55") may be assumed to be equal to zero, so that

Yen=0, Zs(»n=0,

and the system will be .
mx-R‘_X,o

mj=R,—mg—X,

(J,0=Mp—M,). (6.55)

System (6.55) can be presented in another somewhat more conven-
lent form, by examining the translatlonal motion of the center of mis-
slle gravity in a system whose axes colnclde at each and every instant
of time with the dlrection of the normal and the tangent to the trad
Jectory (a speclal case of the connected system of coordinates) rather
than 1n a ground system of coordinates.

The equatlons of translational motlon in projections onto the
normal and the tangent take the following form:

mo=R—mgsind— X,
mvl == ¥ — mg cos 0. , (6.561)

The total system of equatlons for thls case, assumling flight

stabllity, will be:
mO=R —mg sin0—X,
mvbes Y —mg cost, (6.56)
(-’,E"‘Mo“ v)-

The systems of equations (6.55) and (6.56) have been simplified
only 1n a formal fashion in comparison with a general system of egua-
tion of missile motion (6.54); the number of equations has been re=-
duced and the components of the forces Y and Z have been dropped from
the equations of translational motion. For all intents and purposes,

however, these systems are as complex to solve as 1s System (6.54).
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§6. SIMPLIFIED SYSTEM OF EQUATIONS FOR THE MOTION OF THE CENTER OF
MISSILE GRAVITY IN AIRLESS SPACE

Let us lmagine a missile in the form a materlal polnt having a
mass m and let us examine the motlon of thls point 1n airless space.

Since the missile 1s being regarded as a polnt, there 1s no sense
in consldering the rotatlonal motlon of the missile, l.e., the system
of equations describlng the motlon of such a missile 1s reduced to
two equations of translational motion (for the case of stabilized
flight in the firing plane).

In view of the fact that the misslle motion 1s assumed to be tak~
ing place in airless space, the aerodynamic forces of missile Interw
action wlth the surrounding medium are naturally assumed to be equal
to zero, so that the corresponding equatlons are simplified to the

following form:

mx=R,,
my=R,~mg.

The force of thrust R (R

- Ry) actson the missile only during the

actlve phase of the flight. The magnitude of the actlve phase, in com-
parison with the entlre trajectory, 1s relatively small, and 1n approx-
imate terms 1t may be held that the misslle acquires a certaln veloclty
virtually at the launch site as a result of the action of engine
thrust.
Taking these comments and assumptions into consideration, we can
present the motion of a missile along its trajectory in the form of
the following system of equations:
mi =0, ’ (6.57)
mye= —mg '
with the initial conditlon that v = Va (the velocity at the end of the

active phase of the trajectory, calculated in accordance with the K.E.
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Tsiolkovskiy formula) at t = O.

System (6.57) 1s referred to as a simplified system of equations
for the motion of the center of missile gravity in airless space. This
system can be integrated in quadratures.

§7. CALCULATION OF MISSILE TRAJECTORY ELEMENTS

In calculating the trajJectory of a missile, we are primarily in-
terested in missile flight range (for a certain initial flight. velo-
city) or we want to know the required initial veloclty in order to
enable the misslle to attain a certaln glven fllght range. Of secon-
dary lmportance, as a rule, are questions relating to the laws govern-
ing mlssile motion along a trajectory, i.e., relating to the time se-
quence 1n which the mlsslle willl pass individual polnts on the trajec-
tory, and how missile flight velocity wlll change 1ln this case, etc.

In first approximation, the answer to all these questlons can be
attained by integrating System (6.57). Since in the derivation of this
system we employed such gross assumptions as to neglect the forces of
aerodynamic interactlon between the misslile and the approaching alr-
stream and the ellmination of the active phase from our consideration,
etc., the corresponding calculation results will be somewhat limited in
nature.

Estimate of 1limit trajectory elements by integrating the simplified
system of equations

Let us examine System (6.57):

my=—mg.

Since the missile mass m in the equation of this system 1s con-
stant and not equal to zero, 1t 1s possible to present thls system 1n
the followlng form:

x=0, -
y=—t.
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The integration of the last equations can be reduced to the fol=~
lowing.
The equatlon

« et dpdxN & e
K= e e [ 22 Yo e
o a\at)" aw®)=0

indlcates that

X == const=mC,.

Equation

. "’ ‘ . =
9%;‘7--‘7(!) £

after separation of the variables leads to the equation

d(y)s= — gdt,
which, after integration |
[46)=-ga
ylelds
).'-‘."’l"""cr

The Integration constants Cl and C2 are determined from the ini-
tlal conditions:

at t =0, v= Vo (the velocity at the end of the active phase),
l.e., 8t t =0

X =0, =m0, 0,086,
Y=o, mo, mo,sinl,

Thus, we will obtain

x=0 } X=C, =0, c080,
yu —g ) yu= —gt 4+ Cym= — gt+ 9, sin0.

Repeated integration yields:
x.-‘—“-'--c..
whence after the separation of the varlables and lntegrating
x=Cit+Cs
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and correspondingly
5’81L= —gt+C,,
dat :
yls -—1—2‘2—+C}+C‘.
Bearing in mind that the coordinate origin coincides with the

point of missile launch, we define the 1integration constantsc3 and 04’

as being equal to zero. In conclusion, we will obtaln

;BO éao.cosoo . ==‘v.l¢080° (6 58)
ym =g | y=uv,sin0,—gt -y-v_tslnoo—-‘zﬂ,
where the equalitles
. (6.58")
x=0. ]
yo=—g

show how the acceleration components of misslle motion change with
time; the equations
. . 1]
X =0, cos?, } (6.58")

Yye=0,sin0,— gt
show how the veloclty components of misslle motion change; and flnally,

the equations

xmogfcosdy, )}

y—v.ﬂlnﬂ.—%-" (6.58tn)
show how the coordilnates of mlsslle positlion on the trajectory change
in time wilth respect to altitude and range.

The last relationships make 1t possible to estimate the maximum
flight range of the missile. The formula for maximum range is most sim-
ply derived by employlng the following conditions; at x = xmax’ y = 0.
From the followlng equation

y-v,mni.--‘zg-o

we will find that y = O 1s valid in the followlng case:
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The case tl = O corresponds to the position of the missile at the
point of missile launch and, consequently, the value of tlme t2 corres-
ponds to the positlon of the missile at point M on the traJjectory (Fig.

6.42). Consequently,

Xpu=x(t)="1, 2ﬁ%‘—'ﬂ-cosoo=—:1 sin 20, (6.59)

We see that X .. = (v 90), i.e., glven the same veloclty at

a’
the end of the actlve flight phase, the maximum range will be a func-

tion of the initlal 6 In this case, the greatest value of xmax wlll

i

ol

correspond to the followling case:
BYp o=l
g f
37 Ggmelarcain lm 4B

and amounts to

v
(x.u’.“"";.'- (6.60 )
Solving Formula (6.59) for Vgs We find that in order to achieve

a range of xmax the missile must attaln a veloclty no less than

?, .—.—."/ € Xmer (6.61)
amin “.2.0'
i1f the 1nitial launch angle (the setting angle of the weapon launch
installation) amounts to eo degrees to the horizon.

We willl now determine the maximum altiltude Hmax of missile ascent
along the trajectory. This quantity can be determined, for example,
from the maximum of the function y = f(x). In our case, y = f(x) 1s
presented in the form of two equations:

Cy=e(l),
x=q(t),

and it 1s therefore necessary at the beginning to eliminate the para-
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meter t and express y directly in terms of X. The appropriate trans-

. formations willl result in a relatlionship of the following form:

!
y-—mx"*:—o:{"" (6.62)

s
Equation (6.62) is the equation of the missile's flight trajec-

tory. If we examlne the nature of the curve corresponding to this

'y ‘ equatlion, we can demonstrate that the

curve 1s a parabola shifted wilth res.

pect to the coordinate origin and we

Kwes ) can show that thls curve has an axis

of symmetry that 1is parallel to the

Fig. 6.42. Trajectory dia- Oy axis (Fig. 6.43).

gram for calculation of max-
imum missile flight range in The maximum of Function (6.62)

alrless space has the following form:

!L=0'
dx

!!__ —. L M-O,
dx Mcos’io2x+¢“'o

whence the value of x at which y attalns 1ts maximum value of H . 1s

determined in the following form:

_ osinbocosty o

P - -Q.mm'-l‘;a. . (6.63)

and the value of Hmax 1tself will be

. visin20c0t by | gingy 301 dycO8 by
Hul-y(xll-n)-"z';;!.m,.o D +m~. : P .

or after reducing and canceling

% : (6.64)
Hm—i-‘-sln'i..

It 1s clear that the greatest value of Hmax will be found in the

i case of sin 6, = 1, 1.e., for 6, = g0° (vertical ascent)

( (H) -5 (6.65)
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We can see from (6.65) that the min-
imum velocity required to attain an altli-

tude of Hmax in vertical flight will be
"lmln-_-vzg“-u: (6'66)

Relationship (6.58") makes it possi-

ble to estimate the time in which the
Fig. 6.43. Parabola of
misslle trajectory in rocket missile will attain a certain alti-
alrless space.yo) altl- ‘

tude coordinate of
point of missile launch;
0') trajectory peak

tude y* or will reach a distance x¥* from
the launch site. These time, respectively,
willl be:

fome

x. .
rgco‘.o ! (6067)
o .
Y " 2
ly‘ =—‘- sin 90 'j_‘l/—‘—z- 8]“’00— '% .

By the way, the total flight time for the mlsslle can be deter-
mined from Eq. (6.67) in the following form

PR T (from condition x‘==x-")]

or : Fecialy (6.68)

v, sl
t “—“—Mo‘(from condition y*=0).

max—

It 1s easy to see that both of these relationships are equivalent.

The cited calculatlon relationships yleld results that are sub-
stantlally different from those observed 1in practice. This 1s not sur-
prising, since in the derivation of these relationships excessively
gross assumptions were employed, and the most important of these being
the fallure to take into conslideration the aerodynamic forces. This
method 1s employed only for tentatlive calculatlions in the preliminary
design of a rocket misslile.

Substantially more exact results are obtained if Systems (6.55)
or (6.56) are integrated in the place of the simplfied system; however,
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1t is impossible to carry out the calculation in the general form and
it becomes necessary to resort to approximate numerical integration me-
thods. The integration results are obtained not in the form of formu-
las but in the form of tables in which the basic elements of the tra-
Jectory are determined for varlous values of flight time. The method
of the numerical integratlon of the equations of motion for a solid-
propellant rocket misslle 1s presented below.

Calculation of Trajectory Elements by the Method of the Numerical In-

TegratIon of the Equatlons of Missile Motlion in the Firing Plane

It baslcally makes no dlfference which systems of equatlions —
(6.55) or (6.56) —1sused to calculate the trajectory elements by the
method of numerical integration. However, it is held that System (6.56)
1s, nevertheless, more convenient, and it 1s thls system, written in

the followlng form, that 1s most frequently used:

MmO =R(O-m(B)gsin0(§)—X(8), (6.69)
| m(l)v(t)!‘%-—m(t)écmﬂ(t).

Z=o,mo()sind (1),

w= = eon (),

where the last two equations are clear from the definition of the con-

cept of flight veloclty.
From (6.69) we obtaln the following system of calculation equa-

tions: R
Avn(.—:—gﬂno‘_%)u' a

U +a™=0,+4 Av,

v ] (6' 70)
‘gw-°‘+“.

Ay=(9v,sinl) 5¢,

. Yesas -y, + ”,
Ax=(g,cosl,) At,

Xt parmm X, 4 Kx.
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To solve thils system, the lnitial parameters of motion must bve
glven: Vo 1s the 1lnitlal veloclty of missile motlon, equal to zero or

the veloclty Vg which the misslle attalns as 1t leaves the gulde

kh
rails of the launch installation as a functlon of the selection of the
coordinate origin; 90 1s the initlal angle of trajectory rise, equal
to the setting angle of the launch installation; Xq and Yo are the co-
ordinates of the polnt selected as the coordinate origin (the begin-
ning or the end of the weapon launch installation). We can maintain,
wlth sufflclent accuracy, that
xe=0, Yo=0.

Moreover, the missile characteristiés X = X(M) énd the rocket-engine
characteristics R = R(t) and m = m(t) must be given. The calculation
sequence can, in this case, be presented in the following form:

1. Let us assume the integration lnterval At, i.e., the time in-
terval in which the values of the trajectory elements wlll be derived
by calculation. In selecting At 1t 1s necessary to bear in mind that
with an increase 1n A8t the accuracy of the calculation diminishes, and
if somewhat too low values of At are selected the calculatlons become
extremely cumbersome. Generally, for the actlve phase of the trajectory
At 1s assumed to be equal to

At = 0.001 -~ 0.01 sec.,
and for the passive phase of the trajectory
At = 0.1 - 1.0 sec.

2. For sake of simplicity, let Xg =Yg = 0 and Vo = Vgyn’ the inl-
tial setting angle 1s 90. Further, let the englne be operating at a
constant thrust R = const, 80 that the mass of the misslle changes in
accordance with the followlng function:

m(t)=me—momd,
where mgy 1s the initlal mass of the misslle; m
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propellant flow rate, and the force of resistance 1s given 1in the
form of some flight velocity function X = X(M) such as, for example,
in the form of a graph or a table.
Given these initilal conditions and misslle and englne character-
1stics, after At the missile will have the following velocity:
V1= Ug+ AU = 0er}-AD;,
in which case

Ao,=(£—gsln 0,—)1%-:92) Al

where

Vex .
M0="—°'-

ag 1s the speed of sound corresponding to a flight altitude of Yo
The angle 6 after At changes by
Aol- -—"W‘. At
Ya
and amounts to
"-’0"""..
The missile willl be at a point having the followlng coordinates

xp=xe+Axy=Ax,,

yr=yo+Ayi=Ay,,
Axy= (vcg cos §) AL
Ayi= (veg sin &) At.

3. In the subsequent time Interval, the misslle velocity will in-

where

crease to
vs=0;+A0y,

where ; R X (My) .

A —— — 0, - —=0

o'-(ﬂ_—ﬂe-“ &% -o—-e-M)“;

-, ‘

M=

a) 1s the speed of sound corresponding to a flight altitude of Ype
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The angle 6 of the trajJectory will change by

‘0’- —'_:“_..LA‘
]

and will amount to

03-.1+A°g.
The missile will shift to the point having the following coordin-

ates:
Xg=x1+ Ax,,
Br=y1+Ay,,
where Axs=(v; cos §,) At

Ays= (v sin 0,) At.

4, As a result, we will obtaln a serles of successive points 1,

2, 3... in space with known parameters of missile motion at each point
(Fig. 6.44), determined 1n their totality by the trajectory of the mis-
slle flight.

During the calculatlion process, there
willl be an instant 1n which the engilne
ceases to functlon. The corresponding
point A determines the end of the actlve
flight phase and establishes the missile

parameters for the end of the active phase.

3 It 1s interesting to point out that

if prior to point A the nature of the tra-

Fig. 6.44, Calculation of Jectory was a strong function of the para-
trajectory by means of

numerical integratlon of meters and features of the mlsslle engine,
equations of missile mo-
tlon beyond this point -~ throughout the entire

passive phase of the trajectory ~ the nature of motion 1s determined
only by the parameters of missile motion at A and the ballistic co-
efficlient of the missile. This makes 1t possible to calculate in ad-
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vance the trajectory elements for various values of Vgo € , and CO, re-

a
ducing the calculatlion result into a ballistic table, as is the wide-
spread practice in design procedures.

y

X3! - 1"5,,'.!(!!.,9‘,(.‘,)————— L

Fig. 6.45. Calculation diagram for tra-
Jectory to determine trajectory elements
through utilization of balllstic tables.

xaya) coordinates of the end of the ac-

tive trajectory phase; Va) velocity at

the end of the actlve trajectory phase;
ea) the angle of inclination of the tan-

gent to the trajectory at the end of the
actlve phase.

It should be stipulated that the tables should be employed for
fhe calculation not of the‘entire passlve phase of the trajectory
but only of arc AB of this segment (Fig. 6.45), otherwise it being im-
possible to generallze the calculatlon results for missliles having
varlous actlve phases.

The segment BM should be calculated separately for each lndivid-
ual case. However, as a rule, thils 1s not done and in first approxi-
matlon the following assumptlons are made

uqin%nn.
0 40y,
where Vg 1s the velocity at péint B; i is the velocity at point M.
In conclusion, the total missile flight range is defined as the
sum . .
Xmaz = XatXra0a-+ A%y,
whlle taking into consideration
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Xmar ~ Xra62+ 1,667 x,, ) (6' 71)

wﬁere Xy is obtalned as a result of the numerlcal Integration of the
active trajectory phase; Xiabl 1s taken from tables.

The maximum trajJectory helght 1s defined as

Huax=yra0a+ya. (6.72)

The results of the trajectory calculation by the method of numeri-
cal integration differ subtantially from the case 1n whlch the sim-
plified system of equations of motlon was employed, where the effect
of aerodynamlc forces was neglected. For example, the flight range
may amount to only 0.5 - 0.6, the trajectory altitude may amount to
only 0.7 - 0.8, the distance to the peak of the trajectory may amount
to only 0.7 - 0.8, and the velocity at the target may amount to only
0.3 — 0.4 of the values for the corresponding quantiFies (xmax’ Hmax’
xmax/é,...) calculated according to the formulas for flight 1n alrless
space.

For contemporary rocket artlllery , requliring lncreased firing
accuracy, it 1s necessary to make extenslive use of the method of num-
erical integration of the equatlions of motion which make 1t possilble
to carry out calculations with’high accuracy. In thls case, the dif-
ficulty in carrying out these calculations can be substantially re-
duced through the use of computer equipment.

§8. STABILIZATION OF MISSILE ON TRAJECTORY

As has already been indicated, in order to provide for firing ac-
curacy agalnst the target the missile must be stablllized along 1its
trajJectory. This means that measures must be lmplemented In order to

restrict the possible devliations of the missile axis from the direc-
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tlon of the tangent to the trajectory.

It has been established that a missile can be stabilized on 1its
tra jectory elther by the Introduction of speclal stabilllzation ele-
ments Into the design of the misslile - tall surfaces (stabilizers) -
or by using the effect of gyroscopic stabllity (stabilization through
rotatlon). Both stabilization methods are used successfully 1in the
practlcal design of various types of rocket missiles

Selection of Tall Surfaces which willl provlide for Stabillzation with

the QGlven Stabillty Margln

The ldea of stabllizlng rockets by means of tall surfwces 1is
based on the féllowing property of bodies moving in a resisting medlum;
1t turns out that such a body moves stably, l.e., 1ts seeks to pre-
serve 1lts inltlal orlentatlion durling its motlon only in the case 1n
which the center of the bcdy's gravity 1s situated in front of the
center of pressure. And conversely, 1f the center of gravity 1is sit-
uated behind the center of pressure, the positlon of the body on the
tra Jectory becomes unstable and upon the interference of random dis-
turbances, and this interference can result in a change in position.
Let the center of gravity of a milsslile flying along a certain trajec-
tory be situated in front of the center of pressure (Fig. 6.46), and
let the axis of the mlsslle be deflected through an angle a (i a)
from the directlion of the tangent to the trajectory at some instant
of time under the action of a random disturtance. We can see from
Fig. 6.46 that in this case there will appear a moment of aerodynamic
forces directed against the direction of the 1ncreasing angle a, i.e.,
seeking to return the misslle to 1ts initial position. The initial
position of the misslile 1s stable on the trajectory.

Let us now examine the motlon of a misslile whose center of pres-

sure is situated in front of the center of gravity (Fig. 6.47). From
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the diagrams presented in this figure we can see that in this case,

given the random appearance of a positive or negative angle of at-

tack, there will appear a moment which seeks to increase the angle a,

Fig. 6.46. Diagram of mu-
tual posltion of center
of gravity and center of
pressure which provide
for misslle stabllity
(the forward position of
the center of gravity
with respect to the cen-
ter of pressure). a) in-
itilal posltion of mis-
slle on trajectory; b)
disturbed position of
misslle on trajectory

Maerd) aerodynamic mo-

ment; 1) case a > O.

A

i.e., to deflect the missile even fur-
ther from 1ts 1lnitlal position. In this
case, the misslile 1is unstable on its tra-
Jectory.

Thus a nonrotating missile 1s stable
on its trajectory only in the case in
which the center of misslile gravity 1lles
in front of the center of pressure. The
degree of stabllity 1s a function of the
distance ¢ between the above-mentioned
two points. The quantitative measure of
stabllity 1s generally evaluated in
terms of the stability margin - by which

we mean the ratilo

-t (6.73)
byer ‘ilooag _
where e = Xeg g~ xts.t 1s the eccen-

tricity of the mlssile; x, 18 the length

k

1s the length of the misslle airframe.

The center of gravity for a solid-propellant rocket misslle with-

out tall surfaces and conslsting of a warhead and a rocket part will

be situated at a point shifted somewhat forward of the geometrlic cen-

ter of the missile. However, the center of misslle pressure lles some-

where in the vicinity of misslle-warhead gravity. Thus the mutual pos-

itions of the center of gravity and the center of pressure coincide ex-

actly wlth the case 1n which there are no stablllty properties on the
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Crygaid x>0
Masa (Y>0)

o

Fig. 6.47. Diagram of mutual
position of center of gravi-
ty and center of pressure
resulting in mlssile insta-
bility (rear position of
center of gravity wilth re-
spect to center of pressure
a) initial positon of mis-
sile on trajectory; b) dis-
turbed position of mlssile
on trajectory; 1) case

a > 0.

trajectory, so that a rocket missile
without tall surfaces, as a rule, 1s
unstable in flight.

For the stabllization of such a
missile, 1t 1s necessary markedly to
shlft the center of pressure to the
rear, behind the center of gravity.
In this case, if the missile has to
have a stability margin of £%, the
center of: pressure must be shifted to
a point having the followlng coordin-

ate:
&
xml"‘mt"{"u—’;'xl' ' (6.74 )
We know from mechanics that 1if
there 1s a system of parallel forccs
referred to some resultant force,

then with the addition of an addition-

al force to the system,the point of

application of this new resultant shifts toward the point of applica-

tion of this force by a certaln definite magnitude proportional to

the value of the newly applied force. In accordance with this, to

shift the center of misslle pressure backward behind the center of

gravity 1t 1s necessary for addltional aerodynamle forces to appear

i1n the tail portlion of the misslle,

It is well known that 1n terms of their physical nature the aero-

dynamic forces represent the result of the lnteraction between the

approaching stream and those surfaces or bodies situated in this

stream. Therefore, to shift the center of misslle pressure backward
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to the tall portion, stabilizers are employed here as sources for
thls additional force.

Stabilizers are made, as a rule, in the form of thin plates and
installed parallel to the axes of the missile in order to reduce the
drag component to its absolute minimum in the interaction of the sta-
bilizers with the stream, l.e., so that the introduction of the sta-
bilizers into the design of the missile shifts the center of missile
pressure 1n the required direction by the necessary magnltude, and
1f possible without 1Increasing the total reslstance of the misslle.

In accordance with (6.45)

Cy «Xaax+ Cy on¥nsn
Crs+Cron

Xg.x ™

On the other hand, in order to provide for missile stabllization
wlth a stabllity margin of gust%’ i1t is necessary for the center of
pressure to be sltuated at a point having the followlng coordinate:

. ¢
X2 ™ Xy +T';T Ko

Hence, for the stablllzation of the glven solld-propellant mis-

slle (xts.t’ Xys xts.d.k, CY k,‘--) 1t 1s necessary to select such

tall surfaces for the misslle as to yield

CrxXuax + Cy enZune (6- 75)
Cre+Cres |

The derived equation contalns, generally speaking, two unknowns

byer
Xer+ 00 Xy=

- C and Xi5.d.0° however, bearing 1n mind that the tall surfaces

Y op
are situated in the rear part of the missile and the position of the
center of pressure for the basic types of stablllizers is approximately
known (see Fig. 6.34), the magnitude of X¢g. 4.0 2N be assumed quite
accurately, so that (6.75) will, in its capacity as an unknown, con-
tailn only the parameter CY op°

Taklng the above lnto consideration, we wlll have
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. tyer
Xyy~Xuax+ TE:'«

c)’ on =Cy x t
. ] yey
Xga.0 —Xuy —_100 Xy

In first approximation, 1t is expedlent to assume X, 4 . = X
and the above-mentloned relationship lends itself to solution and

the quantity CY op 1s easlly determined:

¢
Xn.t—xu.ll‘*‘l_,;'xl (6. 76)
C)'on=cl’x tyer '
Xy — Xyp— ‘faxn

where Cy , 1s calculated in accordance with (6.16) or (6.19) as a fun-
ction of misslle flight veloclty; Xeo. t 1s the coordinate of the cen-
ter of misslle gravity, determined in the welight calculation; X is

the length of the mlssile airframe; is the coordlimate of the

*ts.d.k
center of pressure for the alrframe of the missile, assumed to be
equal to 0.5 x, for M < 1 and calculated with (6.44), 1f the missile
exhlibits supergonic veloclty; gust% 1s the glven stabllity margiln.

Thus 1n order to stabllize the missile with a stabllity margin of
eust%’ 1t 18 necessary to select tall surfaces for which the coeffl-
clent of 1ift would coincide with (6.76). The geometric dimensions
of such tall surfaces can be determined for varlous flight velocitles
through the utilization of (6.13'), (6.18'), and (6.18"). In first
approximation calculatlions we can assume an elongation Aop = 2.0 and
for sake of simpliclity we can examlne stabllizers that are rectangu-
lar in shape in the in-plan view. After a rough estimate of the re-
qulred tall-surface dimenslons, the initlal parameters are corrected
and the final calculations are carried out with selection of the op-
timum shape for the stablllzer fin under the given conditions.

If the calculation shows that the required tall surfaces are

somewhat too large wlth respect to dimensions and therefore unaccept-
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Flg. 6.48. Comparative dimensions

of tall surfaces requlred for the

stabllizatlon of a missile for

cases of various posltlon distances

from coordinate origin.
able, it becomes necessary elther to move the tall surfaces further
back along the tall (or even behind the tall, as is shown in Fig.
6.48), or to increase the number of stabilizer fins, or to undertake
even more radical means, lncluding the entire redesigning of the mis-
sile.

On the other hand, cases are possible in whizch the decigned tail
surfaces for the verslon in whlich the stabllizers are positioned at
the rear have intolerably small dimensions.In these cases, the taill
surfaces must be moved forward (Fig. 6.49). The final solution to
the problém of selecting the shape, dimensions, and position of the
tall surfaces depends on the results obtalned 1n wind-tunnel tests of
a missile with theoretically calculated tail surfaces. In recent times,

wind-tunnel experimentatlon has gilven way, in a number of countries,

to free-flight tests or tests on rock-

//-'—1 et sleds.
- U T — yp—-—--—4 :3—;

Calculation of an angle for nozzle
Xy =i l \\___] outlet to groviae for stability In

Xea e_case o uroojet milssile

A misslle wlith a rear center of
Fig. 6.49, Missile with tail

surfaces shifted forward gravity can be stabllized on its tra-
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Jectory not only by means of tall surfaces, thus shifting the center
of pressure behlnd the center of gravlity but also by causling the mis-
slle to rotate about 1ts longltudinal axls with a certalin definite
angular veloclty.

Stablillization by means of rotation 1s based on the application
of the so-~called gyroscoplc effect. Let us examlne thls effect on the
well-known example of lts appearance 1n the case of a spinning top.
We know that for bodles having a smallﬁsupport-base area, the position
of vertical equllibrium 1s unstable. Such a body need be deflected on-
ly through an angle a at which the resultant of the gravity forces
no longer intersects the support-base area, when a toppling moment
arises, thus forcing the body out of its equillbrium position; the
body will fall as a result.

The vertical posiltlon of the top, in the general case, 1s also
unstable. However, 1f the top 1s forced to spln at a great angular
velocity about its longitudinal axes, forces wlll appear to prevent
the top from falling as it moves from its positlon of vertical equil-
lbrium. The vertlcal position of a spinning top thus seems to become
stable. The random disturbances which deflect the axlis of the top
from the vertical only produce the additional motlion of the top's
axis about the initial direction (Fig. 6.50). In gyroscope theory,
thls motion 1s referred to as the precession of the gyroscope axis.
The conic angle a of the precession and the angular veloclty wbr of
the precesslion are determined by the magnitude of the active disturb-
ance (P or Mvneshn)’ the angular velocity w, of rotation, and the
geometric characteristics of the spinning body. All other conditlons
being equal, the greéter.wo, the smaller the angle a, 1.e., the more
stable the vertical position of the top.

Let us now compare a top with a mlssile moving along its trajec-
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tory and rotating at a veloclty Wq about 1its longitudinal axis. If
the center of pressure 1s in a forward position, a missile of this
type 1s much like the top, filxed to 1its trajectory at point O which
coincides with the center of missile gravity (Fig. 6.51). In analogy
wlth the example of the top, 1n the case of random deflections of the
misslile axls from its original zero position, the mlssile seeks not
to mqve further away from its initial position, but rather 1t seeks
to keep that positlon constant. In this case, missile axls precession
appears, and the angular amplitude 1s given by the magnitude of ®q s
the geometrlc characteristics of the missile, and the magnitude of
the external disturblng moment.

The property of gyroscopic stability appears only in the case of
sufficliently great angular veloclty of rotation. In first approxima-~

tion 1t may be maintained that stability wlll be guaranteed if
2>V R0 (6.77)
. [ 4

where n 1s the number of revolutions of the rotating body; R 1s the
active disturbing force; e is the eccentriclty

of the missile; J_ and Je are, respectively, the

p
polar and equatorial moments of inertia.

Takiig (6.77) into consideration we find that
the problem of missile flight stabilization by

means of rotation consists in providing for the

Fig. 6.50. Diagram rotation of the missile over the entire trajec-
of gyroscopic stab-

11ity of top. tory, and an angular velocity not lower than the
X, ) longitudinal
axis of top; O) corresponding number of revolutions:

support point;

0,) point of ap- - VRIps
( iR .

plication of dis- I

turbing external

force.
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The rotation of the missile about its longltudinal axis 1s des-
cribed by the following equation:

Jp; =2 M,o
where the active stabllizing moment and the damping moment of resis-

tance enter into X Mw.

If the misslle 1s caused to rotate by means of nozzle-turbines,
the stabllizing moment acts on the missile only during the active
phase of the trajectory, for which

JP§=Mcr-M;zMa. (6.78)

= %max

since the moment of resistance 1s generally small In comparison with
Mst' During the passlve phase, Mst = 0 and the equation of rotatlonal
motion for the missile 1s written in the following form:

L= M (6.79)

We can see that durlng the passlive phase of the traJjectory the
angular veloclty of rotation gradually dimenishes to some @ which

corresponds to the followlng number of revolutions

" 30w
ll.'=-—'L.

Hence, to provide for stabllity over the entire flight trajectory
1t 1s necessary to turn the missile so during the active phase that
1t exhliblts the followlng to the end of the flight:

n,>L—iT.., : (6.80)

The Qnax required for this at the end of the active phase 1s
easlly found from (6.79):

.’"B"’M;o
« do
=
o g .
J""-""-"- ( J
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whence, separating the variables, we will obtain

.

4
7o [ Mrat,
I»
“man [

which ylelds

" .
—e. =L (M )
N, {M'_a | (6.811)

The relationshlp between M'_and time, not expressed explicitly,

P
makes 1t necessary to calculate the second integral numerically:
11
| , (6.81")
.'=0."—H 2 (M')l Af,
: i
where the summling 1s carried out over the entire At into which the
time interval t, — t, has been divided. 1f we take (6.80) into consi-
deration, the required Qe x at the end of the actlve phase is deter-

mined in the following form:

2 #J_ 1 )
o> 5 10T L TR M) (6.82)
. a8
Assuming that we can employ the
followlng approximate equation for the
actlve phase of the flight:
J’;-Mﬂe
we willl find the required moment Mst:
Fig. 6.51. Diagram of gy~ ~ J,‘-"—-:M,.
roscopic missile stability o
do—‘-'ﬂ-dl.
I
*max L/ ]
S d.-{hkldt
. Js
0 .

The quantity Mst may be regarded as constant for the entire ac-
tive phase of the trajectory. However, the value of Jp changes as a
result of the consumption of propellant. Taking thls lnto considera-
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tion,
. ) (6.83")
.ﬂl-Mﬂfld‘ .

or in a form convenlent for numerical calculation,

M"E(I), (6.83")

.
where Z(J,), At 18 computed over all m intervals of At into which the
flight time for the acilve trajectory phase has been divided.

From (6.83") the required stabilizing moment 1s determined in

the following form{
M  ®mex .

Ton

which with consideration of (6.82) yilelds
u2)’r

% +—Z<M.)‘ (6.84)
M,= .
——“ -
; ok
Here Jp and Je characterize the propertles of the missile during

the passive phase of the trajectory, and M'_ 1is regarded as a glven

?
aerodynamic characteristic of the missile, so that the values of (M'(p)t
for any instant of time can be found from a graph or table; (Jp)t 1s
calculated for various polnts of the actlive phase of the flight, tak-
ing into conslideration the gradual burning up of the propellant.

The stabillzing moment 18 developed as a result of the engine-
thrust component which 1s directed perpendicular to the axls of the
missile and which appears when the nozzle outlet 1s slanted at an an-
gle y to the axis of the missile (Fig. 6.52). The magnitude of this
moment M, =R, sln.f‘—;- B,

-R,uny%. (6.85)
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where Rtl 1s the magnitude of thrust referred to a single nozzle;

ng is the number of nozzles; d'/2 1s the arm of nozzle position with
respect to the longlitudinal axls of the misslle; Rt 1s the total
thrust developed by the engine.

‘ ‘ From (6.85) the required angle of

nozzle outlet 1s deflned as

Re— ] -.

¢=arc'sln(—‘-'—f,—): (6.86)
'

where Mst 1s calculated 1n accordance

with (6.84); d' is the diameter of the

circle around which the nozzle turblnes
have been positloned.

With this nozzle outlet angle, the

. turbine develops a moment Mst adequate
Fig. 6.52. Diagram of the

appearance of the stabll- to maintain the misslle stable over the
gtzu?ggjgz égsggiecase of entire flight trajectory.

The proposed method of calculatling
the requlred nozzle outlet angle 1n the case of turboject missiles 1s
extremely tentative, slnce the reductlon of mlssile motion to the ele-
mentary diagram of a top 1s a rather gross approximation.

§ 9. SCATTERING OF UNGUIDED MISSILES OVER TARGET AREA. CONCEPT OF FIR-
ING ACCURACY

The fllght trajJectory of an actual missile 1s always somewhat
different from a theoretical trajectory.
A misslle 1s made industrially wlth definlte dimenslonal and

welght allowances; in concluslon, the ballistic coefficlents of in-
dividual missiles
c,=oa
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Fig. 6.53. Reglonal elements of target
area over whilch ungulded rocket missiles
are scattered. Mix Probablllity of mis-

slle striking 1-th point alogﬁ X axis
of scattering region; ¢ (M1x Tunction

of probabllity distributlon of missile
striking i-th point along x axis of
scattering regilon; Mit) probability of

missile striking 1-th point along t
axls of scattering reglon; ¢ (Mit)T

function of probablllty distribution of
missliles striking 1-th point along t
axis of scattering region; 1) missile
scattering function with respect to
range; 2) lateral missile scattering
function

differ somewhat from one another and amount to

Ci=Cyrep+AC;,

where C1 is the true ballistic coefflcient of the missile; C is

teor
the theoretical value of the ballistlc coefflcient; AC1 is the differ-
ence in magnitude between the ballistic coefficient and 1its theoreti-
cal value.

The scattering of the interlor balllstlic parameters for each in-
dividual engine and the difference in welght between various missiles

leads to a situation in which the misslle veloclty at the end of the
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actlve phase of the flight 1s not identical for the various missiles:

' (AVmaz) (= (AVmaz) wop+A (Atmax)

where (Av 1s calculated in accordance with the K.E. Tsiolkov-

max)teor
skly formula,

Finally, the possible eccentricity or distortion of the reactlon-
force vector with respect to the longitudinal axis of the nozzle and
the defects in the mounting of the stabilizers on the missile may serve
as sources resulting in the additional deflection of a true misslle
from its theoretical curve.

An important consequence of the cdeflectlon of missile flight tra-
Jectorles from the theoretlcal trajectorles 1s the fact that the
polnts of missile incidence do not coincide wlth one another and the
calculated polnt M. The distribution of the points M1 over the target
area about point M 1s generally referred to as the scattering of mis-
slles. It has been established that the scattering of unguided misslles
1s subJect to a number of quantitative relationships: all of the poilnts
are located within the limits of the so-called scattering ellipse (Fig.
6.53), and in this case 1t becomes possible to construct a curve which
characterizes, for example, the distribution of the number of points
of incidence along the glven direction of the scattering ellipse. This
curv; colncideswith the classical curve from the theory of probabllity,
sald curve describing the normal probabllity-distribution function for
the occurence of some random event (for example, the missiles striking
the glven point within the given area). The points A, B, C, and D
which coincide with the ends of the semlaxes of the scattering ellipse
characterize the magnitude of the maximum probable deviation of the
points of missile incidence from the point M with respect to range and
lateral direction. It 1s the general practice to denote‘the correspond -

ing distances as follows:



AM=B:" ; BM=B:|u

and to employ the range and lateral direction points of missile in-
cldence as the maximum deflectlon.

We can discern a ractangular region within the scattering ellipse
within which limits ~ 50% of all strikes are distributed. In evaluating
the effectiveness of the firing, generally not the entire scattering
ellipse 1s taken lnto consideration, but precisely thls reglon, the co-
ordinates of whose boundarlies are, respectively, referred to as the
probable deviatlon of the missile from the target in terms of range
Bd and 1n terms of lateral directlon B,-

The probable deflectlion 1s an lnadequate characteristic of scat-
tering. A more general evaluation of scattering 1s offered by the di-

menslonless parameter

B.B‘ .
qul !

referred to as the combat cr flring accuracy of milssiles with respect
to range (or with respect to side direction).

To calculate the flring accuracy, it is necessary to determine
the probable deflection with respect to range and lateral direction
for a misslle of any glven deslgn and known firing conditlons.

In first approximation, for this purpose we can use the simplified
calculatlion of relationships in which it 1s assumed that‘the individual
factors responsible for deflecting a missile from the target are in-
depent 1in thelr effect on sald deflection of the missile.

Since the deviation from the calculated values of the ballistic
coefficlent, the veloclity at the end of the active phase, the angle of
pitch ¥ at the end of the actlve phase, the eccentricity of the dls-
tortion of the reaction-force vector, and the defects in the mounting

of stabilizers on the missile can be regarded as the primary factors
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responsible for the scattering of

1 > range 1n the case of rocket mlsslles
Boiconan wyunorms Huznap nyvwocns:

with taill surfaces, the formula for
the evaluation of Bd of a misslile

wlth tall surfaces can be presented

Bwconad memsocme

in the following form:

B, =V (ax ) +(ax,)* + (Axs)*+ (ax )+ (8x,,)*, (6.87
where By 1s the probable deviation of
the mlsslle from the calculated point

HUSKAR METmOCms

of lmpact, with respect to range; Ax

8

Fig. 6.54. Illustration of is the deviatlion wlth respect to range

concept of flring accuracy -
and grouping 1) Close group- resulting from the fact that the bal
ing; 2) scattered grouping listic coefflcient for the misslle

does not coincide with the calculated coefflcient:
' CymCreop+ACe.
The quantity Axs is generally calculated in the followling manner
‘ [ ]
. M‘=f‘% AC,.
where 0x/dC characterlizes the degree to which the magnitude of the
ballistlc coefficlent exerts influence on the flight range; Axv is
the deviation, with respect to range, resulting from the lnconstancy

of veloclty at the end of ?he actlive phase:

'AXf=;;Aﬂiuﬁ
Axo, AxR, Axop are, respectively, the deviations wlth respect to range
resulting from the remalining factors which affect range.

To calculate the individual components of Axk for various cases,
we can employ a number of various relationships. These relationships,
as a rule, are derlived through the generallzation of data from a great
number of monitoring missile launchings and these relatlionships are

comparatively simple calculation formulas that have been completed by
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means of experimental graphs and tables.
An estimate of the mean-probable deviation of a missile with tail
surfaces in the lateral direction (along the 0Z axls) can be carried

out 1n accordance with the following formula:

By=V @z + Bzl + (3z,.), (6.88)
since the lateral deviatlon occurs primarlly because of the deviation
of the misslle in the firing plane from the direction of Ay and the
errors that are assoclated wlth the directlon of the reaction-force
vector, as well as wlth the fact that the stabllizers have not been
mounted in an 1deal fashlon on the missile.

For the speciflc calculation of AZW’ Aaﬁ, and Azst, we employ the
emplirlcal calculatlon relatlonships and the statistlcal data from ex-
perimental launchlng.

Turbo jet mlsslles do not have any tall surfaces and are charac-
terized by the fact that because of the great number of nozzles the
total eccentricity of the nozzle assembly, and consequently, the ec-
centrlclty of the thrust vector'ﬁ', are virtually equal to zero.

In thils connectlon, for such missiles

B, =)/ (8 + (ax) F (&5, (6.89)
where Ax‘s, Ax'v, and Ax'

v? despite the slmllar notation, are calcu-

lated 1in accordance with formulas that are different from the formulas

for the case of mlisslles with tall surfaces, although even these may
be 1dentical in form.

The clted relationships make it possilble, in first approximation,
to estimate the probable deflections and firing accuracy (grouping) of
the reaction-thrust mlsslles stabllized by means of tall surfaces or
rotation for the given firing conditions. Finally, the scattering and
firing-accuracy (grouping) parameters are verified through firing-range

tests of experimental missile models.
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In conclusion, we should turn our attention to the difference
between the concept of firing accuracy (grouping) and accuracy (pre-
cision). The difference between these concepts is clearly shown in

the diagrams presented in Fig. 6.54.

[Footnotes]
Manu-
sceript
Page
No. ‘
228 A detailed discussion of these can be found, for example,
in the following books: A. Lokk, Upravieniye smaryadami.
IL [Control of Missiles. Foreign Literature Press], 1958.
V.I. Feodos'yev and G.B. Sinyarev. Vvedenlye v raketnuyu
tekhniku, Oborongiz [Introduction into Rocket Engineering,
State Defense Industry Press], 1956 etc.
321 Detalled tables for 50 = BO (M/ao) are presented, for
example, in the book by N.F. Krasnov "Aerodinamika"
[Aerodynamics," Part 2. Certain Problems in Applied Aero-
; dynamics. MVTU Press of the Moscow Bauman Higher Technical
: School], 1954.
334 The problems dealing with the calculation of instantaneous
: missile characteristics are discussed in greater detall,
f for example, in the book by N.F. Krasnov entitled "Aero-
| dinamika" [Part 2. Certain Problems in Applied Aerodynamics.
; MVTU Press], 1954.
[Transliterated Symbols]
288 u:n = ts.d = tsentr davleniya = center of pressure
288 U«® = ts.d = tsentr tyazhestl = center of gravity
293 tg = tan
294 Fna =Fov = deizheniye = “motion
294 Feonp = Fsopr = Fsoprotivieniye = Fresistance
8 297 Viun = Vts1l = Vtsilindr = Veylinder
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Manu-

sceript [List of Transliterated Symbols (Continued)]
e

297 vyc.xoa = Vus.kon ~ vusechennyy konus ~ 'truncated cone
293 Pew = Psn = Psnaryad = Fmissile

303 Xs.4 = *p.ch T *pvoyeveya chast' = *warhead

303 X5.u - *p.ch T *raketnya chast' = *rocket part

310 ‘on = Yop = Mopereniye = *tail surfaces

310 Pep = Psr = Psrednyaya khordda = Pmiddle chord

310 B: = Bp = Pperednaya (kromka) = Pleading (edge)

310 By = Pz = Pradnaya (xromka) = Ptrailing (edge)

310 Yp = It = Ytolshchina = Ythickness

310 Lok = 1sk = lskos = lsweepback angle

310 Pep = Pkr = Pkornevaya (khorda) = Proot (chord)

310 bou = Pkts = Pkontsevaya (khorda) = Ptip (chord)

315 S6ox = Sbok ~ ®bokovaya (poverkhnost!') = Sside (surface)
315 S = ®m = ®midelt = ®midsection

316 le=1~= 1korpus = lairframe

334 Mo = Mor = Marpektivnyy = Merrective

334 Mor = Mgt = Mgtan111z1ruyusachly = Mstab11izing

334 M ounp = Ydempr = Mjempriruyushehly = Mdamping

337 tp = ®pr = Yprogrammiruyemyy (polet) = ®programmed (riight)
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Chapter 7

TESTS OF EXPERIMENTAL MODELS OF ROCKET MISSILES
The testing of experlmental models of rocket misslles 1s car-
- ried out by each planning organlzatlon 1ln accordance with its own
program; 1t 1s therefore lmpossible to speak of a uniform method for
the carrying out of such tests; moreover, the range of problems asso-
clated with the testlng of rocket missiles 1s so extenslive that a
separate book would be requlred for thelr eluclidatlion. The present
chapter glves only some general conslderations involved in the test-
ing of rocket missiles.

The approximate natu.e of the theoretlcal calculatlons into which
it becomes necessary to introduce varlious slmplifications as well as
to employ the experimental data taken from simllar classes of mlsslles
and the present lnabllity to use theoretical calculations and the
fact that the required data can be obtained only experimentally makes
it necessary for the mlssile to be tested and checked through test-
stand firings and firing-range launchings.

§1. STATIC TESTS OF A ROCKET ENGINE

The design of a misslle and 1ts englne are adJusted during the
static tests 1n accordance with the requirements lmposed by the tact-
ical-~-technical designation of the missile, and during these tests the
igniter and powder grains are selected and checked.

The successful solutlon of these problems depends primarily on
the coincidence of the interior-ballistic characterisilics of an actual
engine and those of the engine being designed. Therefore, the following
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misslle characteristics are taken durlng the static tests:

1) the pressure curve;

2) the reaction-force curve;

3) the total reaction-force impulse.

Before the hot-firing tests are carried out, any englne (we have
reference here to the shell) must of necessity be checked for strength
and hermetic seallng, and thls 1s, as a rule, carried out in a speclal-
ly equlpped shop of the production plant. The engine 1s set into a de-
vice, the outlet orifice 1is closed, all of the other openings are
sealed, and then water under pressure greater than the maximum theo-
retlcal pressure produced by the combustion gases from the chamber 1s
fed through the englne. The engine 1s kept under this pressure for a
certain period of time in order to enable all of the destructlive pro-
cesses which may posslbly be attributedto the effect of pressure to
make themselves felt.

After the pressure 1s reduced, the englne 1s carefully checked
and 1f no fallures of the structure are observed, the hermetic seal-
ing of the engine 1s checked, and thls 1s generally carrled out by
employing the same device as was used for strength tests. The method
used to test hermetlic sealing were somewhat different. It is not water
that 1s fed into the chamber, but alr or kerosene. It 1s 1lmposslble to
test an englne for strength wlth alr, since in the case of engine fall-
ure the effect would be similar to that of an explosion, whereas a 11-
quid can burst only a portlion of a weak structure, or penetrate a weak
spot, which of course 1s very much safer.

With the use of air (in the case of small volumes) hermetic seal-
ing 1s checked by immersing the engine in water or covering its outer '
surface with a soapy solution. In elther case, the alr bubbles which |
form indicate the degree of the hermetlic seallng of the structure.
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Hermetic-seallng tests are generally carrled out under a pressure
equal to the maximum magnitude of the theoretical pressure to be pro-
duced in the combustion chamber.

An englne having passed the above-=described production tests can
be used for the subsequent static operations.

The pressure curve 1s generally taken by means of senslng elements
and osclllographs of varlous designs. The records can be obtalned, for
example, by means of an anerold sensing element and a tensometric os-
cillograph (Fig. 7.1). An installation assembled in this manner func-
tlons as follows. The pressure of the exhaust gases 1s transmitted to
the sensling element 3 through the tublng 2. Here a change in pressure
1s recorded by the sensing element 4 - an aneroid chamber - (Fig. 7.2),
which 1s connected to the potentlometer 5 which changes the resistance
of the electric circult. Thls change in reslstance produces a pulse
that 1s transmltted to the osclllograph where the change 1n pressure
with time 1s recorded on a speclal paper tape. The tape with 1lts re-
cording 1s processed in a photography dark room and the pressure curve
is obtained (Fig. 7.3), and the beginning of engine operation (the
point at which the curve rises above the zero level) and the end of
engine operatlion are noted on thils curve.

On the basls of these extreme points and the calibrated graph it
i1s possible to carry out an analysls of engine operation. For example,
the time of engine operatlion 1s calculated from the line of time mark-
ing 1. In proceeding from point A on the pressure curve of interest to
us to the origin we count 20 peaks, and we know (from the oscillograph
scale) that each peak 1s equal to 1/20 sec; consequently, the time is
1/20 x 20 = 1 sec.

The magnitude of pressure at, for example, this same point A 1s
determined as simply. For thls, the distance from the zero level to
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polnt A on the pressure curve is measured on the oscillogram and the
magnitude of the pressure at point A is determined by carrying out
measurements further along the calibrated graph.

The callbrated graph 1s constructed in the following manner. In %he
installation employed for the measuring of pressure, instead of the
engline, a press 1is connected to the sensing element. Then the sensing
element 1s subjected to step-wilse pressure lncreases such as 10, 20
and 30 atm, etc., and each pressure lncrease 1s recorded by the oscll-
lograph on paper. Subsequently a graph 1s constructed with the distance
between the zero line and the pressure line plotted along one axis and
the magnitude of pressure plotted along the other axls. The pressure
curve can, of course, be obtained in such other ways as, for example,
by means of a loop oscillograph and the sensing unit of a deformation

measuring devlce.

s s P The thrust characteristics of the
¥ oy
413_{:::] englne are obtalned on speclally e-
2
1 . . qulpped test stands. Here the englne

1s fastened onto a moving cradle (Fig.

Fig. 7.1. Diagram of instal- 7.4) from which the force developed
lation for determination of
pressure curve. 1) Engine by the englne 1s transmltted to a re-

being tested; 2) tubing
through which gas 1s fed from ceiving device. A dynamometer (Fig. 7..
engine to sensing element; 3)

aneroid sensing elements; 4 can serve as such a recelving device.
cable; 5) attachment; 6) os~
c¢lllograph. The operating principle of such

a unit 1s quite simple. The force
from the engine 18 transmitted from the cradle of the test-stand in-
stallation through the coupling rod to the dynamometer where it is
transformed into pressure whose magnitude is indicated by the mano-
meter that 1s connected to the dynamometer. The dynamometer is call-
brated prior to the test, l.e., regularly increasing loads are applied
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to the coupling rod: 500, 1000 kg, ete., and the
corresponding manometer readings are marked. In
accordance with the derived data it becomes pos-
slble to construct a calibrated graph - the loads
on the coupling rod, in kilograms, are plotted
along one axis, and the manometer readings, in

atmospheres, are plotted along the other axls,

In additlon to test-stand installations e~
quipped with dynamometers, engine thrust 1is also
measured on test-stand lnstallations equipped

wlth round scales to which the thrust developed

by the englne 1s transmitted from the cradle by means of a speclal le-

ver system.

Flg. 7.3. Pressure curve recorded on

paper tape by means of osclllograph.

1) Time mark; 2) zero level; 3) pres-
sure curve; A) beginning of operation
B) end of operation

To derive the magnitude of the total reaction-force impulse, we

frequently employ the graph for the change in thrust developed by the

englne with respect to time.

In the case of engines that are 1in operatlon for long periods of

time, thls graph can be constructed on the basis of the points measured
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at definite intervals of englne-

: Al operating time, and the construc=-
. .

)

tion of this graph can be carried
3
e m N
] - t:JJ> out 1n accordance with one of the

methods described above. However,

Fig. 7.4. Simplified dlagram of this method for obtalning the re-

testing installation. 1) Rock-

ing cradle 2) dynamometer; 3) action~force curve ylelds extremely

dynamometer coupling rod;

4) engine being tested. approximate results. It 1s prefer-

able to wrlte thls curve automatlcally. For thls purpose we can use a
test-stand installatlon equipped with a dynamometer.

Instead of manometers, the sensing element employed to detect the
pressure 18 connected to the dynamometer and the operation 1s then
carrled out 1n the same manner as the derlivation of the pressure curve.
The only difference here 1s in the calibration of the senslng element.
In this case, the calibration is carrled out by applying step-wise
loads such as, for example, 500, 1000 kg, etec., to the dynamometer,
and each increase 1s marked by means of
an oscillograph. Thus the callbrated graph
is constructed in the following coordinates:
the distance of the reaction-force curve
from zero level, i.e., force in kg.|

The total impulse can be obtalned by

2
’
p
Z
%
7
z
Z
7
A
Z
4
7
z
z
Z
Z
%
%,

e Z

integrating the reaction-force curves that

Fig. 7.5. Diagram of dy- )
namometex 1) Fgame of have been derived by means of the osclllo
dynamometer; 2) flexible -
ﬁadding, ) frame 11id; graph, with this curve scaled down to mil
OLl; 1) to nanometer; limeter graph paper; then the area beneath

coupling rod to stand
this curve 1s calculated either by means

a planimeter or by means of counting the boxes on this millimeter graph
paper contalned within the reactlon-force curve.
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To obtaln the magnitude of impulse dlrectly, 1t is necessary to
multiply the computed area by a scale. For example, the area calcula-

ted according to boxes 1s equal to 2000 mm2

, and we know that 1 mm
along the axis of ordinates corresponds to 5 kg of thrust, and 1 mm
along the axis of abcissas relates to 2 seconds of engine opera-
tion. Then the magnltude of the impulse wlll be equal to

J = 2000 (1/5°2) = 200 kg-sec.

In certain cases, 1f necessary, additional tests of the misslle's
combustlon chamber are carrlied out, and the followlng determlnations,
for example, are made:

1) the powder burning rate in various sections of the chamber;

2) the heat losses in the combustlon chamber;

3) the eccentricity of the reactlion force, etc.

We will dwell in some detall on the most Interesting tests - the
determination of the powder burning rate. For thls purpose a combus-
tlon chamber made of speclal transparent material 1s fabrlcated, and
this chamber has an inside profille that 1s ldentlcal to the combustion
chamber being deslgned. Powder grains selected for the engine belng
designed are burned 1n thls chamber. The process of burning the grains
1s recorded on film by means of a motion-plcture camera. Since the
filming rate 1s known, the fllm can be used to determine the burning
rate for the powder.

In the case of an engine in operation for long periods of time,
the powder burning rate can be determined in a simpler manner, 1.e.,
by burning the powder and interrupting the burning. Of course, here
as well as in the previous case, 1t 1s necessary to have a speclal
chamber. However, this chamber differs from a conventlional chamber
only in that a device to eJect the charge from combustion chamber 1s

installed 1n the englnes used for the measurement of the burning rate.
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The rate 1s measured directly in the following manner. A second-timer
1s connected and synchronized with the engine start. Upon completion
of an earlier set time, this device 1s actuated and the powder charge
1s eJected from the combustion chamber into some space (a barrel, a
tank, etc.) filled with water. The extinguished powder grains are
measured.

This operation 1s repeated several times, lncreasing the time in-
tervals for the burning each time, and each time the extinguished
grain 1s measured. The obtalned results are evaluated and the powder-
burning rate 1s thus determined.

Thorough experimental investigations of the operation of a solid-
propellant engine make 1t possible to coordinate the theory of solld-
propellant rocket missiles wlth experiment and to refine the basle
parameters required for the remalining calculatlons.

It should be pointed out that combustion chambers from regular
rocket misslles can sometimes be employed as the experimental chambers
in statlic tests, and holes can be drilled and connection pipes welded
to the walls of such chambers. But as a rule, speclal thick-walled
chambers are used for these tasks, slnce such chambers make it possi-
ble to undertake repeated starts. Such chambers are equipped with dla-
phragms of various designs, as well as with an assembly of nozzles
having various throat dlameters and various outlet shapes; here,
if only the pressure in the chamber is being investigated (rather than
the reaction force), it 1s possible to use a nozzle without a diverg-
ing outlet sectlion - the so-~called eyelet nozzle.

The combustion chamber 1s prepared for the test in the follewing
manner. A nozzle with a definite dkr corresponding to the given charg-
ing conditlons and the antleclpated calculated pressure 1is selected.
Then, a welghed specimen of an igniter 1s selected and charged into
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the combustlion chamber; all of the 1nstruments are mounted and the
final completed assembly 1s installed on the test stand. After a check
of the readlness of the system, the englne 1s started on the stand
and the appropriate readings for the subsequent evaluation are taken.

Up to thls point we have described statlc tests for elements of
interior ballistics, but the test-stand conditlons can also be employed
to carry out tests for elements of the exterlor ballistics.

A The most common method of derlvling the aerodynamlc characteristlcs
is the testling of mlsslle models or actual missiles iIn wind tunnels.
In essence, thils 1s a structuvre that consists of a tube through which
a blower accelerates alr. The object beilng tested (or a model of this
obJect) - depending on the dimensions of the tube - 18 mounted
in the tube in such a fashion as to become immobile, and thﬁé the
wind tunnel reflects a situation that 1s opposlte to that actually en-
countered 1n the flight of a missile through the alr, but which, of
course, produces no change whatsoever in the aerodynamlc characteris-
tics.

At the same time, the fact that the obJect being tested 1s 1im-
moblle is‘convenient from the standpolnt of employing measuring de-
vices whose measurement accuracy 1s substantlally higher than it
would be In the case of instruments used wilth a body moving with res-
pect to a fixed medium (for example, air).

Moreover, the possibllity of creating an artificlal stream of
alr makes 1t possible to select the conditions for the experiment so
as to more closely approximate the actual condltions of missile
flight. Since missile flight under actual conditions takes place in a
fixed undisturbed medlum such as alr, it 1s necessary to create simi-
lar conditions 1n the wind tunnel. If the missile is simply mounted
on a support that .18 not fixed in place, and with a blower to di-
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Fig. 7.6. Diagram of wind tunnel

rect a stream of alr against the missile, the stream in this case
would develop considerable turbulence beyond the blower and exhiblt a
varliable velocity both in terms of magnitude as well as 1n terms of
direction. In addition, the stream would also be subJect to strong
pulsations. All of these shortcomings have gradually been elimlnated
in the design of wind tunnels and at the present time a wind tunnel 1s
a complex and highly refined mechanism which can reproduce extremely
accurately the disposition and magnitude of aerodynamlc forces on a
body flying through the alr.

Figure 7.6 shows the dlagram of a wind tunnel. Structurally, this
wind tunnel 1s a closed circult with an open working section. The alr
passes from the working section - the narrowest portion of the tunnel -
to an expanding receilver attachment. Beyond the recelver fltting (aif-
fuser), there is a cylindrical liner which contains the blower. Beyond
the blower, the stream of alr changes its dlrection of motion through an
angle of 90° and flows through the so-called first bend in the tube.
Subsequently, the air passes through the second and third bends of the
tube, each of which involves a 90° turn, and the alr then enters into
the forward chamber - the widest portion of the tube (tunnel). Here
we have a rectification grid and a fitting which compress the stream and
accelerate 1it. In order to reduce losses, speclal shaped blades have

been installed in each of the turns.
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By testing a misslle in a wind tunnel 1t 1s possible to determine
the coefflclent Cx of frontal resistance, the position of the center
of pressure, the coefficlent Cy of 1ift, etec.

§2. FIRING-RANGE TESTS OF ROCKET MISSILES

After completion of the statlc tests of the missile, firlng-range
tests are carried out. Here, as a rule, the flight of a missile over
the 1initial section of the trajectory is first checked, l.e., the cor-
rectness of the manner in which the missile 1s made to leave 1ts
launching installation and its entry Into the given trajectory, as
well as the correspondence between the magnitudes of calculated and
actual initial velocity of missile motion over the trajectory. Then
the over-all flight range of the misslle 1s checked, and finally, the
effectiveness of the missile 1s investigated in the following manner.
Firing-Accuracy Tests of Rocket Misslles

Firing-accuracy (grouping) tests are carried out with individual
shots into the target area or =2ccording to a screen, over the entlre
effective range of the launching installation, both in the vertical
and horizontal planes.

The coordinates of the poilnts of inciderce (explosion) of the
misslle at the target area can be determined 1n two ways:

directly, by measuring with a measuring tape and by marking the
directlon; the accuracy of the measurement must not be lower than 1 mm;

by a triangulatlion method involving the use of optical instru-
ments.

In fire against a shell-hole screen, the shell-hole coordin-
ates (1, 2, 3, etc.) are taken from a coordinate grid plotted onto
the screen before the firing (Fig. 7.7).

The results obtalned in the firing are evaluated in accordance
with following formulas: |
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slle explosions obtained in the control

Fig. 7.7. Appearance of group of shots makes 1t possible to evalu-

shell-hole screen after
evaluation ate the probable deviation of the misgsile

in terms of lateral direction and range, and these are calculated as
follows:
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where bb 1s the probable lateral deviation; bd is the probable devia-
tion with respect to range.
With known firing range X, mlsslle flring accuracy in terms of
lateral direction and range will, respectively, be equal to (bb/k) and

(bd/k).

The obtained firing accuracy must correspond to that set in the
tactical-technical requirements.

With great divergence of a missile from the group with respect to
range and lateral direction, 1f 1t 1is established that the factor res-
ponsible for this divergence 1s unsatisfactory quality of stabilizer

fabrication or nonnormal engine operation, the shot is not counted.
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The scattering magnitude should be determined only from results
of valild measurements, and here only a single shot may be classified
as valid. An invalid measurement 1s generally one which deviates from
the arithematic mean by more than four mean-probable deviations cal-
culated from the glven group of measurements.

The above-cilted sequence of calculatling flring accuracy 1is use-
ful for firing both at a target area as well as firing against
a screen, but In the latter case the calculation 1s simplified some-
what because here the coordinates Xq and z, are the coordinates of the
sighting points indicated in the center of the screen.

The shell-hole coordinates are measufed from the sighting point
after each shot by means ofa unlque surveying rod or by means of an
optical viewlng device.

Determination of Demolition Effect of Rocket Missiles by Means of
Underground Explosions and Firing at Target Area

The demolitlon effect of a misslle 1s tested on a firlng range,
as a rule, 1ln two stages. The first stage Involves the static explos-
lon of the weapon beneath the 801l at varlous depths; the second stage
involves the actual firing of the milsslle agalnst obstacles in the
target area.

In accordance with thelr tactical-technical designation, demoli-
tion misslles are generally intended for actlion agalnst structures
and enemy fortificatlons; however, 1t has been demonstrated in prac-
tice that the effectliveness of their force can be evaluated on the
basls of the dimenslons of the craters produced by a demolition missile
in the soll, regardless of the nature and strength of the target.

Therefore, the demollition effect is estimated on the basis of
the missile's action in the ground, thus substantlally simplifying
the analysis of the demolition effect, the systematization of the ex-
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perimsntal material, and the methods employed for the verification
tests.

Test lnvolving the underground explosions can be reduced to the
following :a vertically positioned missile is exploded beneath the groun
at various depths and the crater formed in thils case 1s measured. As
a result of soll nonuniformites and the asymmetries of the missile and
the explosive charge, the craters as a rule exhibit rather irregular
shapes..

In flring-range practice a crater 1s generally assumed to have the
shape of a simple truncatedcone whose larger base 1s flush with the
surface of the ground.

The demolltion effect of mlssiles 1ls measured by the absolute vol-
ume of the crater or by the volume of the explosive charge, referred to
its welght; 1n this case, 1t is clear that the volume and shape of the
crater produced in the explosion are single-valued functions of the
welght and quality of the explosive charge on the one hand, and unique
functlons of missile geometry, depth of explosion, and soll properties
on the other hand. One of the goals in these static explosions of weapo:
is the determination of the optimum depth of warhead explosion. During
statlc tests, the weapons are exploded by means of a special electric
detonating machine housed 1n a reinforced bunker situated in a safety
area. The crater produced by the explosion 1s measured by means of
speclal surveying and marker rods.

In the second stage of the firing-range test of the combat effecti
ness of a demolition missile, the effect of the misslle against the
ground and structures 1s tested; in this case, one of the most importan
tasks in these firings 1s the verification of the agreement between thi
fuse time lag for the optimum depth of missile explosion determined
during the statlc tests.

- 385 -



Prgeseog e s

T

The shortcomings in missile designs, engine operation, etc.,
brought out during the firing-range tests, are eliminated during the
subsequent adjustment of the weapon.

Determination of Fragmentatlion Effect of Rocket Missiles

The combat effectiveness of a fragmentation mlgsile 1s determined
by two parameters: the number and welght characteristics of the frag-
ments and the range over which the effectlveness of these fragments
is preserved.

The number of fragments formed in the explosion of a weapon, and
the distribution of these fragments in terms of weight, can be deter-
mined by the method of statlc explosions 1n a protected plit which 1s
a structure made of reinforced-concrete walls fllled with sand. There
18 a well in the central part of this pit into which the specimen to
be exploded is inserted. The entlre structure 1s covered with a mas-
slve covering plate. This protected plt 1s slituated in a speclal ditch

or in an underground labyrinth.

> =
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7

.:[Ii‘ oe . o, 0O
On 0 0
R 1= DR = L X

Fig. 7.8. Complex of industrial (technical)
structures at Holloman. 1) Shelter; 2) hous-
ing for adgustment and preparation of rocket
engines; 3) information-gathering point; 4)
assembly shop; 5) repair shop; 6) test stand;
7; launching pad; 8) 35 distributor panels;

9) 70 supports for mounting of equipment; 10)
photography intallation; 11) photomonitoring
installation; 12) track.
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The model of the weapon to be tested is lowered into the well of

the test plt and exploded. The fragments that are formed as a result
. of the exploslon scatter into the surrounding sand, and here the

strength of the pit walls i1s such as to prevent even a single frag-

ment from flying out beyond the pit. After the explosion, the walls

of the pilt are dlsmantled, and the sand 1s sifted. The collected frag-

ments are welghed and sorted 1n welght groups. The data of the explo-

slon are recorded.

The second stage of the statlc firing-range test of fragmentation
missiles 1lnvolves the exploslion of the weapon 1ln a circle of divided
screens. These dlvided screens are positioned 1n a circle, each screen
a definite distance from the other, so that the entlire scattering
range 1s covered. The mlssile 1s exploded In the very center. The
fragments formed 1in the exploslon scatter in varlous directions,
striking the screens and marking these wlth holes. After the explo-
slon, the screens are examined and the number of holes in each screen
are counted. The data from these tests make it possible to evaluate
the nature of fragment scattering after the explosion as well as to
find the radius of continuous damage, l.e., the radius of the zone
in which the density of tﬁe flying fragments 1s adequate 1n order to
have at least two fragments strike the target.

After the statlic explosion tests, the fragmentation missilles are
checked through control firings. Here firing 1s conducted in single
shots or 1n salvos along speclally prepared corridors, agalnst tow
targets, ete.

The basilc purpose of firing rocket missiles to determine the

fragmentation 1s to verlfy the radius of continuous damage for a mis~

¥
i
r
£
L
;,1 .
g

slle carrying a glven fuse and the agreement of the parameters for this

fuse with the deslgn of the weapon.
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In recent times, 1n order to derive the aerodynamic characteris-
tics, 1t has become the practice to employ closed tracks and rocket
sleds. As a rule, models are employed for the track tests. The baslc
advantages of the use of tracks are the following:

the possibility of obtailning identical meteorological conditions
for each shot (an aeroballistic track), since over a closed track the
model 1s not subJect to the effects of raln, snow, wind, etec.;

the possibllity of obtalnlng various densitles, temperatures, as
well as the possibllity of modeling missile flight at varlous altitudes
(hermetically sealed barometric and thermobaric tracks).

In comparison with wind tunnels, tracks exhlblt the advantage that
there are, in thls case, no errors attributable to the effect of hold-
ers and walls iIn the testing of models, as 1s the case wilth wind tunnels

With tracks it 1s comparatively simple to note changes in M(ach)
and Re(ynolds) numbers over wide ranges.

With respect to track shortcomings, we can clte the fact that mo-
dels can be used only once, and we can also mention the fact that it
is impossible to obtaln the aerodynamlc characteristics by direct mea-
surements. In processing the experimental results, calculations must be
employed.

Abroad, aeroballistic tracks are structuraly made 1n the form of
closed stuctures some 150 — 200 m long. The models are fired from a
weapon having a caliber of up to 300 mm. The flight velocity of the
model 1s determined by means of an obturator and a chronograph. During
the flight, the model 1is photographed continuously. The coefflcients
of longitudinal and lateral stabllity are frequently calculated by
means of cardboard screens set up along the track.

The thermobaric and barometrlc tracks are made almost 1dentically

from a structural standpoint, and as a rule they are made in the form of
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a metallic tube having a dlameter of 1000 m and a length of 100 — 150 m
These tubes are also fitted out with a special photography installa-
lr tlon and such other measuring equipment as may be necessary.

Tests wlth rocket sleds have recently become a more common prac-
tlce, since they have proved to be the most promising. In this case,
particularly 1n the case of tests conducted on actual obJects, the
test conditions more closely approximate the actual conditlons to be
encountered.

For example, In the USA rocket sleds are employed to test fuses,
to determine the effectlveness of warheads, and a variety of ballistic
problems are solved with these devices; in additlon, many of the other
experiments assoclated with rocket and avlation englneering are car-
ried out in this manner.

As an example, below we present the descriptlon of a rocket-sled
track employed at the Holloman Missile Developement Center (USA).

The track (Fig. 7.8) 1s a set of ralls installed on a reinforced
concrete base that 1s 2.9 m wide, 1.5 m 1n height, and sloped at a
ratio of 1:1000.

The entire track is 10,670 m long, and the gauge of the track 1is
2.13 m. The sleds are capable of developing velocities of 900 m/sec,
and they are capable of developing up to 100 g during acceleration
and 150 g durlng deceleratlon.

In order to decelerate the sled, a water channel 0.355 m deep
and 1.525 m wide has been constructed into the base of the track.

A wedge-like blade 1s mounted on the sled, and this blade 1s employed
to decelerate the sled. The various sled designs make possible the
installation of from 1 to 18 engines, theilargest of which 1s capable
of developling a thrust of 27 tons.

The information-gathering center recelves data from two telemetry
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systems: a frequency-modulation system and a pulse-code modulation
system. The incoming data are processed through computers.

The firlng range has been fitted out with a variety of equlpment,
Including an optical system of obturation photography.

The velocity of the rocket sleds on thls track 1ls calculated as
follows.

First the maximuﬁ posslble veloclty of the sled 1s determlned:
_VE

Capsy ‘

where Rt 1s the thrust developed by the power plant; Cx 1s the coef-

T

ficlent of the frontal resistence of the sled, with the Influence of
the surface having been taken into consideration; p is the alr density;
Sn is the area of the sled midsection.

But slince the actual veloclty of the sled, after consumption of
the propellant, 1s a functlon of the mass ratlo

F-!L

my
and the specilfic impulse Jﬁd’
. W=
. Q-Q'zr'—“ +l' .
where Mo 1s the mass of the sled prlor to launch; m, 18 the mass of

the sled after the consumption of the propellant;

| g..EEﬁEL
On

Other Tests of Rocket Missiles

In addition to the described group of basic firing-range tests,
both fragmentation and demolitlon misslles are subject to a number
of additional tests, including the following:

1) control tests for normal functioning within the given temper-
ature intervals;

2) control tests for transportability and conservation of all

combat propertles during transpcrtation, etec.
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